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symptoms 7 days after Liberty application.  Picture C shows leaf symptoms 
3 days after Liberty application (left) compared to healthy leaves (right).  
Picture D shows a Liberty treated plot (left) compared to the non-treated plot 








   
Figure 5.7 Damage on leaves from progeny rows and on panicles when Liberty 
herbicide was applied at the heading stage on transgenic Cypress. Picture A 
shows leaf discoloration 7 days after Liberty application at 2.10 kg/ha. 
Picture B shows panicle damage when 0.85 kg / ha Liberty was applied on 
transgenic Cypress at the heading stage. Picture C shows panicle damage 
when 1.14 kg / ha Liberty was applied on transgenic Cypress at the heading 








   
Figure 5.8 Cypress and some lines selected in the repeated backcrosses program using 
Cypress as the recurrent parent.  Line 230251 produced the highest yields in 
our test, but there were no other significant differences among Cypress, 
230251, and 230281.  There were significant differences between Cypress 






   
Figure 6.1 Inoculum and field inoculation of R. solani.  A = inoculum preparation in 
flasks, B = measuring the inoculum before inoculation, C = the bags 




   
Figure 6.2 Different growth stages at which Liberty was applied and appearance at 
maturity.  A = rice plants at the green ring stage, B = Liberty applied in the 
field at the boot stage, C = rice plants at the heading stage, D = the treated 













Figure 6.3 Effect of Liberty herbicide on the hyphal growth of Rhizoctonia solani on 
PDA medium.  Left top, R. solani hyphae 3 days after transfer to PDA (201 
x magnification).  Right top, R. solani hyphae 3 days after transfer to PDA 
(1005 x magnification).  Left bottom, R. solani hyphae 6 days after transfer 
to PDA with 50 ppm a.i. Liberty (201 x magnification).  Right bottom, R. 









   
Figure 6.4 Hyphal growth on the rice leaf surface.  Left top, no Rhizoctonia solani 
hyphae growing on the surface of non-inoculated, healthy leaf (407 x 
magnification).  Right top, many R. solani hyphae growing on the surface of 
diseased leaf (253 x magnification).  Left bottom, hyphal growth decreased 
significantly when 1000 ppm Liberty was applied to the surface of diseased 
leaves 7 days after inoculation (405 x magnification).  Right bottom, hyphal 
growth decreased significantly and hyphae appeared damaged when 1000 
ppm Liberty was applied on the surface of diseased leaves at the boot stage 










   
Figure 6.5 Hyphal growth inside rice leaf tissues.  Left top, no hyphal grow inside non-
inoculated, healthy leaf tissue (382 x magnification).  Right top, hyphal 
grow in cells of inoculated, diseased leaf tissues (440 x magnification).  
Lower left and right, few hyphae visible inside the leaf tissue when Liberty 
was sprayed onto the leaves at 1000 ppm 7 days after inoculation (440 x and 







   
Figure 6.6 Structure of mesophyll inside the rice leaf.  Left top, the structure of the 
mesophyll was intact (1010 x magnification).  Right top, the structure of the 
mesophyll in diseased leaf was disturbed with breakdown in structure (1030 
x magnification).  Left bottom, structure of the mesophyll in diseased leaf 
was less damaged when 1000 ppm Liberty was applied to the surface of the 
diseased leaves 7 days after inoculation with R. solani (1005 x 
magnification).  Right bottom, the structure of the mesophyll from a 
diseased leaf also showed less damage when 1000 ppm Liberty herbicide 










   
Figure 6.7 Ball-like structures observed on rice leaf surfaces sprayed with Liberty 
herbicide.  Upper left, balls on the surface of the healthy leaf (3890 x 
magnification).  Upper right, ball on the surface of diseased leaf previously 
inoculated with Rhizoctonia solani (2080 x magnification).  Lower left, balls 
on the surface of the leaf after inoculation with R. solani and treated with 
Liberty herbicide at 1500 ppm applied at boot stage (2070 x magnification).  
Lower right, balls on the surface of the leaf after inoculation with R. solani 
and treatment with 1500 ppm Liberty herbicide applied at the heading stage 



















Figure 6.8 Ball-like structures on the surface of rice leaves.  Upper left, ball on the 
surface of healthy leaf (3890 x magnification).  Upper right, balls on the 
surface of leaf without inoculation with Rhizoctonia solani and 30 days after 
Liberty application at 1500ppm (3380 x magnification).  Lower left, balls 
that were observed on the leaf surface 30 minutes after spraying with Liberty 
surfactant at 1500 ppm (1270 x magnifications).  Lower right, balls that were 
observed on the leaf surface 30 minutes after treatment with Liberty at 1500 









   
Figure 6.9 Specific surface structures on the balls observed on rice leaves.  The ball on 
the upper left was on the leaf surface of diseased plants (4080 x 
magnifications).  The specific structure on the upper right was magnified 
from the left ball (arrows- 32400 x magnification).  The balls on the lower 
left were on the leaf surface of plants treated with 1500 ppm Liberty 
herbicide applied at the boot stage (3070 x magnification). The specific 










   
Figure 6.10 Ball-like structures observed on the surface of rice leaves.  The broken ball 
on the upper left was observed on the leaf surface of a plant treated with 
1500 ppm Liberty herbicide applied at the boot stage (4970 x magnification).  
The ball with bacteria was found on the surface of a leaf treated with Liberty 
herbicide at a 1500 ppm at the green ring stage (2640 x magnification).  The 
ball on the lower left was from the same treatment as the upper right picture 
(4030 x magnification).  The ball on the lower right was observed on the leaf 





































 This research was conducted to enhance utilization of the Liberty herbicide resistance 
transgene in rice.  Non-lethal methods to determine the sensitivity of transgenic rice plants to 
hygromycin B and Liberty were developed, tested and used in this research.  Four homozygous 
transformed plants were selected to make reciprocal crosses with their non-transformed parent 
cultivars Taipei 309 and Nipponbare.  Their resistances to Liberty and hygromycin B were controlled 
by the closely linked single dominant genes bar and hpt.  Some non-resistant phenotypes in the F2 
populations were due to gene silencing.  The bar gene in some of these plants were allelic and some 
were non-allelic.  When seven independently transformed homozygous transgenic plants with bar and 
hygromycin genes from Taipei 309 and Nipponbare were crossed reciprocally, progeny evaluations 
showed five allelic locations among the seven transgenic plants.  Twenty additional homozygous 
transgenic plants from independent transformation events were crossed reciprocally with the previous 
seven transgenic plants.  Evaluation of F1, F2, and F3 populations showed that some of the genes were 
allelic, but most of them were non-allelic with two or more pairs of genes being expressed.  The 
functional foreign gene (bar) appeared to be restrictively inserted into the rice genome in some cases 
and was not randomly inserted and expressed.  
 Three to five repeated backcrosses were made using transgenic plants as the donor and current 
cultivars as the recurrent parents.  The results from selected progeny rows, and two-years of yield tests 
with selected lines, indicated that the target bar gene could be transferred to lines similar to 
commercial cultivars from homozygous transformants in 4-5 years of backcrossing, giving lines 
similar to the recurrent parents based on phenotype and yield potential. 
 Liberty herbicide has antibiotic characteristics and suppressed growth of several rice fungal 
pathogens and Burkholderia glumae in in vitro tests.  Liberty had a short residual activity against 
Rhizoctonia solani in field tests, but single applications of Liberty after disease development had 
started in the field significantly reduced sheath blight ratings and yield loss. Control of sheath blight 
by Liberty was equal to or better than that given by the registered fungicide Quadris. 
CHAPTER 1 
 
INTRODUCTION AND LITERATURE REVIEW 
 
 During the 21st century, the human population will be faced with an extraordinary challenge.  
It is estimated that by the end of 2030 eight billion people will populate the world, a net increase of 
two billion persons over our current population (Royal Society of London et al., 2000).  The challenge 
is that the areas planted to crops that feed most humans are constantly decreasing.  Even today there 
are 800 million people (18% of the population in the developing world) who do not have access to 
sufficient food to meet their needs, primarily because of poverty and unemployment.  Malnutrition 
plays a significant role in half of the nearly 12 million deaths each year of children under five in 
developing countries (Royal Society of London et al., 2000).  It is essential that we improve our food 
production and distribution in order to feed and keep a growing world population free from hunger, 
while at the same time reducing the environmental impacts of high populations, providing productive 
employment in low income areas, and improving the quality life for most humans.  This will require 
continued development and responsible utilization of scientific discoveries and new technologies.  The 
improvement and utilization of new crop cultivars should be paramount among needed new 
technologies.  The impact of the new technologies has been demonstrated by the increases in rice and 
cereal crop production in the past 30 or 40 years (Burke et al., 1997; Royal Society of London et al., 
2000; Byrne et al., 2001). 
 Since they were initiated, conventional breeding programs have played a very important role 
in improving grain quality, enhancing crop pest resistance, and increasing crop yields.  With the 
increasing need of crop producers for new high yielding cultivars and the need of consumers for 
agricultural products, plant breeders face major challenges. 
1.1 Problems and Challenges for Conventional Breeding Programs 
 The standard method for improvement of cultivars is to introduce new genes from different 
parent sources into breeding lines (varieties) that can be tested for increased yield, pest resistances, 
quality characteristics, and desirable agronomic characteristics, such as lodging resistance.  Breeding 
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lines with the most advantageous combinations of meritorious genes from different sources are 
selected, based on the results of several years of field testing, for release as commercial cultivars.  
Various methods for introducing new genes that confer useful agronomic characteristics into crops 
have been successfully exploited by crop breeders to improve agricultural crops.  Varieties of crops 
with improved agronomic phenotypes have been mainly developed by conventional plant breeding in 
the past 50 years.  New cultivars; with higher yields, improved qualities, increased pest resistances and 
agronomic traits, are continually being developed.  Despite past successes and the extensive use by 
plant breeders of techniques such as hybridization, wide-crosses, backcross breeding, and mutation 
breeding by plant-breeding programs are still limited by:  
1) a dwindling gene pool,  
2) our inability to use sexual crosses for introducing many useful alien genes into crops, 
3) the length of time needed for successfully developing crop cultivars, and 
4) the difficulty in breaking gene linkages between useful and useless traits. 
These restrictions have seriously limited cultivar development.  As plant breeders face these new 
challenges, they have been utilizing new research to overcome these problems. The use of gene 
transformation to incorporate alien genes is one of the more effective new breeding methods. 
1.2 Research on Gene Transformation 
1.2.1 The Advantages of Gene Transformation 
 The new technology of gene transformation can be used to overcome the restrictions on 
conventional breeding.  Great progress has been made in transformation technologies since the middle 
1980s (Chibbar et al., 1994; Chen et al., 1998; Gahakwa et al., 2000).  Over the past 5 years, the global 
market for transgenic crop products grew at a tremendous rate.  Global sales of transgenic crop 
products grew from $75 million in 1995 to nearly $2.3 billion in 1999, according to the Ithaca, N.Y.-
based International Service for the Acquisition of Agro-biotech Applications (Papanikolaw, 2000).  
Based on grower interviews, the National Agricultural Statistics Service (NASS, USDA) estimated 
that transgenic soybeans will make up 74 percent of the total soybean acreage in 2002, an increase 
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from 68 percent in 2001.  Transgenic maize is estimated to make up 32 percent of the corn acreage, up 
slightly from 26 percent in 2000.  Transgenic cotton has also increased to 71 percent of the total cotton 
acreage (Byrne et al., 2001). 
 The use of transgenic genes as part of the conventional breeding program aims to selectively 
alter, transfer, or utilize some useful agronomic characteristics in plants.  The use of transgenes offers 
the possibility of selectively bringing in desirable characteristics from different cultivars of that plant 
species. For instance, the transfer of Xa21, a resistance gene to rice bacterial leaf blight, caused by 
Xanthomonas oryzae pv oryzae (Xoo), to cultivars not having this gene without using crossing and 
back-crossing (Song et al., 1995; Tu et al., 2000).  More importantly, characters from unrelated 
species including microorganisms, animals, and plants can be transferred into target plants thereby 
introducing useful alien genes into plants through nonsexual methods that overcome the shortcomings 
of conventional breeding techniques.  Transgenic plants with important characteristics, such as pest 
and herbicide resistance, are most necessary where no inherent resistance has been demonstrated 
within the crop species or related species (the Royal Society of London et al., 2000; Byrne et al., 
2001).  Transgenic plants that are presently under intensive study provide benefits that include 
increasing the flexibility in crop management, decreasing the dependency on chemical pesticides, 
enhancing yields, earlier and easier harvesting, better crop qualities, and reducing the labor needed for 
the farmers to produce the crop.  For the customers this should lead to reduce food costs, higher food 
quality, and increase availability of food.  So, these new techniques are playing an increasingly 
important role in crop improvement and in our daily lives. 
1.2.2 Progress in Gene Transformation 
 Many major crops have been successfully transformed with different foreign genes (Table 1-
1).  Transformation techniques have been widely used in rice (Toriyama et al., 1987; Dekeyser et al., 
1989; Shimmoto et al., 1989; Hayyashimoto et al., 1990; Tada et al., 1990; Christou et al., 1991, 1995; 
Cao et al., 1992; Datta et al., 1992; Li et al., 1993; Xie et al., 1995; Linscombe et al., 1996; Yamagishi 
et al., 1997); wheat (Vasil et al., 1985; He et al., 1988; Becker et al., 1994; Nehra et al., 1994; Altpeter 
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et al., 1996; Takumi et al., 1996); bean (McCabe et al., 1988, 1993; Christou et al., 1989; Aragao et 
al., 1993, 1996; Falco et al., 1995); cotton (Umbeck et al., 1987; McCabe et al., 1993); maize (Fromm 
et al., 1986, 1990; McDaniel et al., 1988; Klein et al., 1989; Lyznik et al., 1989; Gordon-kamm et al., 
1990; Register et al., 1994; Brettschneider et al., 1997); sweet potato (Prakash et al., 1992); potato 
(Sano et al., 1997); cucumber (Chee et al., 1992); barley (Koprek et al., 1996); sorghum (Hagio et al., 
1991); rye (Castillo et al., 1994); picea glauca (Ellis et al., 1993); grape (Hebert et al., 1993); tobacco 
(Tomes et al., 1990); Brassica napus and Brassica oleracea (De Block et al., 1989); spruce 
(Bommineni et al., 1993); and aspen (Tzfira et al., 1996).  Alien genes can be introduced into living 
cells through microprojectiles, polyethylene glycol (PEG), electroporation, and the use of 
Agrobacterium tumefaciens.  Most crop researchers transfer alien genes into living plant cells through 
the use of microprojectiles, using different equipment, such as that offered by Biolistics (Klein et al., 
1987; Sanford et al., 1987; Moritawa et al., 1994), Acell  (McCabe et al., 1994), Ballistic System 
(Sautter, 1994), and the Particle Inflow Gun (Finer et al., 1992).  The most recent technique is 
Biolistics produced by Du Pont de Nemours and Company. 
 The target tissues for the production of transgenic plants with Biolistic particle bombardment 
are protoplasts (Toriyama et al., 1988; Shimamoto et al., 1989), suspension-cultured calli (Cao et al., 
1992; Hebert et al., 1993; Chibbar et al., 1994; Xie et al., 1995;), embryogenic calli (Vasil et al., 1992; 
Bommineni et al., 1993), immature embryos (He et al., 1988; McDaniel et al., 1988; Christou et al., 
1991, 1995; Vasil et al., 1993; Becker et al., 1994; Nehra et al., 1994; Takumi et al., 1996;), dry seeds 
(Christou et al., 1995), leaves (Tomes et al., 1990), and meristems (McCabe et al., 1993). 
 To obtain transgenic plants from treated callus, Morten (1996) suggested using a gene 
allowing for positive selection for transgenic plant cells.  The levels of transient expression with each 
technique were usually tested first by ß-glucuronidase (GUS) assay in different target tissues.  Alien 
genes used in rice transformation include Bt gene for insect resistance, bar gene for resistance to 
Liberty herbicide (Rood, 2001), Roundup Ready® gene for resistance to Round Up herbicide (Harville 
et al., 2001), the Bacillus subtilis protoporphyrinogen oxidase gene to the Diphenyl ether herbicide 
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oxyfluorfen (Lee et al., 20000), chitinase gene, beta glucanase, and the thionin gene for bacterial or 
fungal diseases on plants (Zhang et al., 2002), and the rice MADS-box genes for reducing heading 
date and plant height (Jeon et al., 2000).  
 The cropping areas planted to transgenic crops around the world have increased dramatically, 
especially for soybean. Almost half of the planted global acreage was transgenic soybean in 2001.  
The percentage of acreage for transgenic cotton increased about 11% from 1999 to 2001 (Figure 1.1.).  
Adoption of transgenic crops in the United States has increased far more quickly than in other 
countries.  In 1999, the area planted to transgenic varieties was approximately half of the soybean, 
60% of the planted cotton, and about 25% of the corn crop in the United States.  In 2001, the planted 
area of transgenic cultivars was approximately 68% cotton, 68% soybean, and 25% of the corn crop 
(Figure 1.2.).  Global sales of transgenic crop products grew from $75 million in 1995 to nearly $2.3 
billion in 1999.  Analysts from the International Service for the Acquisition of Agri-biotech 
Applications (ISAAA) project that the global transgenic crop market will reach about $8 billion in 
2005 and $25 billion in 2010 (Papanikolaw, 2000). 
 
Figure1.1.  Percent of acreage for the adoption of transgenic crops from 1999 to 2001 





Figure 1.2.  Percent of acreage for the adoption of transgenic crops from 1996 to 2001 
in the United States (Byrne et al., 2001) 
 
 At this time, there are several major crops, including soybean, corn, cotton, canola, potato, 
squash, and papaya, that have been transformed and widely used in crop production around the world.  
The countries with the most acreage in transformed crops include the United States, Argentina, 
Canada, China, South Africa, and Australia (Table 1.1.).  The most widely planted transgenic crops in 
2000 were soybeans, corn, cotton, and canola based on the summary of Byrne (2000) (Table 1. 2.). 
Table 1.1.  Summary of transgenic crop production areas by countries (Byrne et al., 2000). 
Countries 
 
Area planted in 2000 
(million of acres) 
Crops grown 
 
United State 74.8 soybean, corn, cotton, canola 
Argentina 24.7 soybean, corn, cotton 
Canada 7.4 soybean, corn, cotton 
China 1.2 cotton 
South Africa 0.5 corn, cotton 
Australia 0.4 cotton 
Mexico minor cotton 
Bulgaria minor corn 
Romania minor soybean, potato 
Spain minor corn 
Germany minor corn 
France minor corn 





Table 1.2.  Production area worldwide of selected transgenic crops (Byrne, 2000). 





Potato < 0.3 
Squash < 0.3 
Papaya < 0.3 
 
1.3 Problems with Transformation by Biolistics 
 
Although gene transformation is an effective way to overcome certain problems in 
conventional breeding programs, there are some problems or restrictions for this technique which may 
impede its wide application. Gene transformation by particle delivery system is currently the most 
successful method for transferring foreign genes.  The method has certain restrictions, especially for 
use in rice gene transformation. 
1.3.1 Factors Required to Effect Successful Particle Delivery of Foreign Genes to Rice 
 A number of factors were found to give successful particle delivery into rice tissues and to 
obtain transformed plants.  These factors include: 
1) parameters of the gene delivery systems used for transformation, 
 
2) the biology and conditions of explants prior to bombardment, 
 
3) environmental factors including temperature and humidity, 
 
4) the biology and conditions of explants after bombardment, 
 
5) the selection procedures used. 
 
 After intensive studies, although different researchers obtained somewhat varied results based 
on the different explants they chose, the key barrier in achieving effective transformation of 
agronomically important species was the DNA delivery method.  The challenge now is shifting to 
understanding the biology of the explants used in bombardment experiments and also to the 
integration and subsequent expression of transgenes (Christou et al., 1995). 
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1.3.2 Concerns about the Risks from Using Gene Transformation 
 The current debate over the risks of genetically modified (GM) food is centered on issues 
ranging from the environmental impacts to the potential affects on human beings and livestock.  One 
of the major points of disagreement is the likelihood of novel transgenes escaping into weed 
populations.  Gene flow from genetically modified crops can and probably will occur.  If transgenic 
plants hybridize with local weeds, it may increase their competitiveness, and a new super weed could 
be the result (Daniell, 1999).  These transgenic super weeds would be resistance to the herbicides that 
were designed to kill them.  A recent report from the European Environmental Agency concludes that 
several existing and future transgenic crops carry a high risk of gene flow to the environment, 
including the occurrence of non-transformed crops in the fields of nearby farmers (Eastham et al., 
2002).  Transgenic oilseed rape varieties (including canola) are rated high risk for gene flow to the 
environment and to conventional crops in neighboring fields.  Transgenic sugar beets are rated at a 
medium to high risk for gene flow in both categories (Eastham et al., 2002).  They thought the 
possible implications of hybridization and introgression between crops and wild plant species were not 
clear because it is difficult to predict how the genetically engineered genes will be expressed in a 
related wild species.  Of course, it is very important to determine the frequencies of hybridization 
between transgenic crops and weeds and to find an effective way to solve this problem.  In fact, twelve 
of the world’s thirteen most important crop species, including wheat, rice, corn, and soybean, 
hybridize with non-cultivated species in some part of their distribution (Ellstrand et al., 1999). 
 One of the solutions to this problem is that regulations governing the assessment of transgenic 
crop safety requires applicants to pay special attention to risks when releases are planned for regions in 
which hybridization with weeds is possible (Marvier, 2001).  Another solution to this problem may be 
alternate planting of transgenic cultivars with different resistance genes for different herbicides in 
specific crops. 
The second and more elusive environmental risk is concerned with the effects of transgenic 
plants on non-target organisms, especially with respect to endangered species.  Exposure of the 
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Monarch butterfly (Danaus plexippus) to pollen from transgenic corn plants caused higher mortality 
rates and delayed development compared with ingestion of non-Bt pollen.  Decreased consumption 
was observed following ingestion of either pollen type compared with control larvae that were fed 
only leaves (Losey et al., 1999).  The EPA reported that even when Monarch butterflies were affected 
by transgenic Bt corn pollen, they matured into healthy adults.  Only one in 100,000 Monarchs would 
be affected by the Bt toxin and the results would not be fatal (EPA, 2001).  For other insects, Walker 
et al. (1997) showed that European corn borer (ECB), Ostrinia nubilalis, larvae, particularly 4th and 5th 
instars, readily move between weeds and Bt corn hybrids.  A combination of declining Bt expression 
and a higher tolerance to Bt toxins by late instar stages resulted in increased ECB damage and 
continued survival of larvae.  He thought these conditions could be problematic for the high-dose 
strategy for managing ECB resistance to Bt corn.  Other non-target effects are so indirect that it is 
unlikely they would be routinely examined as part of any research program, much less as part of the 
regulatory process.  For example, adoption of transgenic herbicide-tolerant crops, used to target weeds, 
could have consequences for the diversity of birds occurring in and around farmland (Marvier, 2001). 
1.3.3 Problems Related to Utilizing Transgenic Rice in Rice Production 
 Transformation is a heritable change in a cell or tissue brought about by the uptake and 
establishment of introduced DNA.  Transformation techniques have developed rapidly and some 
transformed crops have been put into commercial production, including corn, cotton, soybean, hybrid 
corn, canola, tomato, squash and pepper.  Although transgenic rice has been developed from different 
target tissues, no commercial transgenic varieties presently have unrestricted use in rice production.  In 
the United States, several rice varieties have been transformed.  Certain problems limit our ability to 
effectively utilize transformed plants, and further knowledge is needed to allow us to combine the 
techniques of gene transformation and conventional breeding. 
Problem areas include: 
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 1) Lack of information about the mode-of-inheritance of transgenes among progenies of 
transgenic plants and on the relationship of the location in the chromosomes where 
genes are inserted and on the expression of the genes. 
 2) Lack of gene function (expression) in the progenies of transgenic plants. 
 3) Lack of knowledge on combining transformation products with conventional breeding 
methods for cultivar improvement.  
 4) Knowing how to break the linkages between target genes and selectable marker genes, 
that are considered undesirable by the consumers of agricultural products. 
 5) Insufficient knowledge about clonal variation occurring during regeneration of 
transgenic plants from callus and its effects on transgene expression or expression of 
undesirable gene mutations on crop performance. 
 
 Some information is available about the mode-of-inheritance of transgenes among progenies.  
Most researchers used the segregation of progeny from the regenerated plants and speculated that their 
mode-of-inheritance was one single or two dominant genes (Peng et al., 1995; Aragao et al., 1996; 
Rush et al., 1998; Tang et al., 2000; Kuai et at., 2001).  This research has been restricted by the effect 
of unstable transformation on the plants.  It has been difficult to exactly explain the mode-of-
inheritance of the alien genes in these segregating populations.  Some researchers conducted research 
using homozygous transgenic plants to make crosses with non-transgenic plants, but the results were 
not satisfactory. Huang et al. (1999) reported that their results indicated that the resistance to Dipel ES 
in O. nubilalis is inherited as an incompletely dominant autosomal gene.  Based on histochemical 
GUS activity, a clear Mendelian segregation ratio was not obtained in the F2 seeds of reciprocal 
crosses, although there was a tendency towards a two-locus insertion ratio (Demeke et al., 1999).  The 
research probably used an F2 population that had too few plants or the materials they selected for their 
research may have had modifying genes that confused the results.  There are still many questions to be 
answered.  Are there different modes-of-inheritance when comparing different transformation events?  
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What is the relationship between the target gene and the selective marker gene?  Is it possible to break 
the linkage between these two genes using conventional crossing and selection?  Does the foreign 
gene randomly insert in a cell’s chromosomes or is there some kind of nonrandom, predictable 
insertion?  Some inserted genes do not express (Hobbs et al. 1993; Matzke et al., 2000; Buck et al., 
2001).  This raises the question, does gene insertion in certain locations allow genes to express or 
cause others to be silenced?  There are no reports concerning allelic relationships among transgenes 
from different transformation events using the same alien gene. 
 Most selective marker genes used in transformation have been antibiotic resistance genes, 
such as Kanamycin and hygromycin resistance genes.  These selective marker genes were absolutely 
necessary initially for transformation research (Blochinger et al., 1984; Van den Elzwn et al., 1985).  
However, the presence of antibiotic resistance genes is considered unacceptable by many customers.  
Based on the gene map of the plasmid pBSL21, used in our gene transformation studies, the target 
gene bar and selective marker hpt gene for hygromycin resistance were attached in the same plasmid 
DNA.  In another words, they were closely linked.  How would these genes be inherited from 
generation to generation in the selfed transformed plants or in progeny from crosses of transformed 
plants with non-transformed plants?  Would crossing-over take place, even in a very limited 
percentage of the time, giving rise to plants with the target gene, but not the selection gene?  
Improvement of crop plants by transformation cannot exist separately from conventional 
breeding programs.  The basic materials used for gene transformation are created by conventional 
breeding programs, and it is now clear that transformed plants must be backcrossed to the original 
cultivar to reduce effects from clonal variation (Larkin et al., 1981).  Also, as single transformation 
events are registered, conventional crosses must be made to incorporate the transgene into other 
cultivars or new germplasms.  Transformation is a new method to improve crop cultivars using genes 
from unrelated species.  So, it is very important to combine this technique with our conventional 
methods, obtaining the benefits from each side and overcome the shortcomings of both technologies.  
Backcrossing is a method used to improve a characteristic of a cultivar for which it is deficient. Its 
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purpose is to recover the genotype of the recurrent parent plus the allele of superior expression of the 
trait or character from the donor parent.  The gene transfer from donor plant to recurrent plant through 
repeated backcrossing has been proven to be a very effective method in many crops including rice 
(Shao et al., 1991; Wan et al., 1991).  If we can successfully transfer the foreign gene from the 
transformed plant to the recurrent parent, it will be possible to obtain more cultivars with a registered 
foreign gene and overcome the difficulty in transformation encountered with some germplasm or the 
necessity to register more transformation events, a costly process.  No reports are available concerning 
transferring the alien gene from transformed plants to recurrent parents through repeated backcross. 
1.4 Resistance to Liberty Herbicide Controlled by the Bar Gene 
Weeds are often called plants out of place.  They are unwanted, useless, prolific, competitive, 
or may be hosts or alternative hosts for pests, and for these reasons are considered harmful to rice 
growth.  Weeds cause many kinds of damage to rice, including reducing yield and quality by 
competing for nutrients, water, and light, intensifying the problems of diseases, insects, and other pests 
by serving as their hosts, reducing the efficiency of harvesting, and by reducing the efficiency of 
irrigation systems (Datta, 1981).  Yield losses of up to 83% are not unlikely if rice crops are not 
efficiently protected.  Eighteen hundred kinds of weeds, 58 kinds of fungi, 17 viruses, 12 bacterial 
disease agents, 30 species of nematodes, and thousands of species of insects are known to seriously 
impair rice cultivation (Aventis, 2001), but red rice (Oryzae sativa L.) is the primary weed problem in 
the southern United States.  It is difficult to remove red rice from fields using normal herbicide 
programs without damaging the commercial rice, which is also O. sativa. 
Glufosinate-ammonium (C5H15N2O4P) is the common name for the herbicidal chemical 
compound that is the active ingredient of Liberty.  The chemical name of this compound is butanic 
acid, 2-amino-4- (hydroxymethylphosphinyl)-mono-ammonium.  Glufosinate-ammonium is an 
ammonium salt of the synthetically derived amino acid Phosphinothricin (PPT).  It was first 
discovered as a naturally occurring compound produced by two species in the soilborne actinomycete 
family: Streptomyces viridochromogenes and S. hygroscopicus (Uchimiya et al., 1993).  PPT inhibits 
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glutamine synthetase.  Glutamine synthetase is a key enzyme involved in nitrogen metabolism, 
converting inorganic nitrogen, in the form of ammonia, into essential amino acids.  The inhibition of 
this enzyme results in the accumulation of lethal levels of ammonia in susceptible plants within hours 
of application.  Liberty is a nonselective herbicide under development by Aventis USA Company.  
These actinomycete species also possess the PAT (Phosphinothricin Acetyl Transferrase) gene 
(another name is bar gene), which leads to chemical inactivation of glufosinate ammonium.  The PAT 
gene allows the bacteria to survive in glufosinate ammonium soil environments.  The development of 
plasmid pBSL21 was based on recombinant DNA technology, by the introduction of two bacterial 
genes into plasmid pDM307.  A gene conferring tolerance to glufosinate ammonium was inserted, 
coding for PAT, an enzyme that inactivates glufosinate ammonium through acetylation.  Another 
gene, conferring resistance to hygromycin, was also inserted.  This gene was not of agronomic 
interest, but was used to select transformed cells and plants from those that remained unmodified at 
the developmental stages.  For the transformed plants, glufosinate-ammonium is chemically 
inactivated by PAT so that plants which contain this enzyme cannot be harmed by the herbicide. 
Plasmid pBSL21was constructed by Dr. Alexeev while he was a visiting scientist at the LSU-
Agricultural Center Rice Research Station and was used in our research (Figure 1.3.). 
It will be very helpful for rice growers if this gene is transferred into commercial rice cultivars 
and used in rice production, allowing them to spray rice fields with a normally toxic compound to 
control a broad spectrum of weeds and grasses, including red rice.  
1.5 The Potential for Using Liberty as a Fungicide on Transformed Rice 
As mentioned previously, glufosinate-ammonium is a natural product of soilborne 
microorganisms.  It is an antibiotic with activity against fungi, bacteria, and plants.  The 
Actinomycetes producing this compound can survive due to the resistance gene contained inside the 
bacteria.  This compound can restrict the growth and development of some microorganisms.  
Uchimiya et al. (1993) found that bialaphos resistant rice plants (Liberty resistant), when inoculated 
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EcorI, PstI, Sma Sma, Bam, Xba,Bam, Sma, SalI
pBSL 21 = pDM307 + ~ 1.7 kb HindIII frag. Of pTRA151
pBSL 21 = 4.4 kb + 1.7 = 6.1 kb
Construction of pBSL 21(Hgr + BAR) by Dr. Mikhail F. Alexeev
Louisiana State University Rice Research Station
 
Figure 1.3.  The map of plasmid pBSL21 used in our gene transformation research (Personal 
 communication, J. Oard ).  
 
with mycelia of the sheath blight pathogen, R. solani, and subsequently treated with the herbicide in 
viv, were completely protected from symptomatic infection.  Ahmad et al. (1995) showed that this 
chemical was inhibitory in vitro to many antagonistic soil microorganisms including Bacillus subtilis, 
Pseudomonas flourescens, many species of Trichoderma, and the phytopathogenic fungi R. solani and 
Sclerotinia sclerotiorum.  Tata et al. (1996) found that transgenic rice plants with the bialaphos-
resistance (bar) gene could decrease the lesions caused by the rice blast pathogen Magnaporthe 
grisea.  These researches have been limited to disease infection tests or in vitro general tests for effects 
of the active ingredient of Liberty on the growth and development of pathogens.  There should be 
systematic field studies using this herbicide to control diseases, such as the major rice diseases. 
The potential for using Liberty as a pesticide for controlling major rice diseases is restricted by 
the absence of commercial cultivars transformed with the bar gene.  As Liberty is a non-selective 
herbicide, non-transformed cultivars would be killed by applications of Liberty.  One purpose of this 
research is to explore the possibility of using Liberty as a pesticide for controlling major rice diseases 
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in transgenic rice, including the development of rate and timing of application information for use 




























A RAPID, NON-LETHAL IN VIVO TEST FOR RESISTANCE 




 The gene for resistance to hygromycin B, which encodes hygromycin B phosphotransferase 
(hpt) and is about 1026 nucleotides long, is commonly used as a selective marker gene during plant 
transformation and has been very useful (Gritz et al., 1983; Staben et al., 1989; Ortiz et al., 1996).  The 
use of plasmid DNA containing selective as well as target genes gives us a high probability of 
selecting calli and regenerating plants with the target gene through selection with the antibiotic, which 
is toxic to plant cells.  The ampicillin gene, which is also a common component of plasmids used in 
plant transformation, only expresses against non-transformed bacteria of the type used to produce the 
plasmid DNA rather than against plants.  This gene is used in virtually all of the plasmids developed 
for transforming plants.  Different selective markers and target genes are used to construct different 
plasmids based on the purpose of the research. Plasmids with selectable marker genes, such as 
pBSL21, which has the antibiotic resistance gene (hpt) and the target bar gene, and p2-5A, which has 
the antibiotic resistance gene NPTII (neomycin phosphotranferase II) as the selectable marker and the 
target 2-5A synthetase gene have been widely used in plant transformation studies (Campbell et al., 
2000).  Plasmid pBSL21, which was used in our research, contains the bar, hpt, and ampicillin genes.  
The bar gene encodes for the enzyme phosphinothricin acetyl transferrase, which can inactivate 
glufosinate-ammonium through acetylation.  Glufosinate-ammonium is the active ingredient of 
Liberty herbicide.  Plants transformed with the bar gene encode for phosphinothricin acetyl 
transferrase, which inactivates glufosinate-ammonium inside the transgenic plants making them 
resistance to Liberty.  The hpt gene was used as the selective marker gene during tissue culture, as it 
was necessary to use hygromycin B in culture media to select resistant calli (Ortiz et al., 1996).  If the 
transformed calli contain the hpt gene, then the hygromycin B will kill non-transformed calli and only 
the resistant calli survive.  When the plasmid contains both the hpt and bar genes, the resistant calli 
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will also contain the target bar gene.  Both the selective gene and target gene are transferred into the 
transformed plants.  For farmers and consumers, it is not desirable to have the hpt selective marker 
gene and the ampicillin resistance gene in the plants when they reach commercial status. 
 If the antibiotic selection genes are in plants and their commercial products, there is a very 
remote possibility that antibiotic resistance genes will find their way from plant cells into non-
transformed bacteria.  Conceivably, this could happen if a human or animal were to eat genetically 
modified food and resident bacteria in the stomach could pick up the gene for antibiotic resistance.  
This could have disastrous consequences if the stomach bacteria transferred the gene to bacteria the 
antibiotic is used to control for medical purposes.  If the accidentally transformed bacteria were the 
type that attack humans, animals, or plants, the result could be widespread infection with no way to 
treat it (Heppola, 2000).   
 Hygromycin B is an antibiotic that inhibits protein synthesis and controls infestation by large 
round worms (Ascaris species), nodular worms (Oesophagostomum species), whipworms (Trichuris 
species), and capillary worms (Capillaris obsignata) (Freedom of Information Office, 1987).  
 Ampicillin is commonly used in human medicine to control bacterial pathogens (Merican, 
2002). 
 Hygromycin B is a very expensive chemical.  Mohr (1989) developed an in vivo method to 
identify hygromycin B phosphotransferase resistance expressed in Aspergillus niger.  There are no 
related reports of an in vivo method to detect the presence or absence of hygromycin B resistance in 
transgenic plants.  It is necessary to know whether or not a plant is sensitive to hygromycin, so that 
plants that have lost the hpt gene or are not expressing the gene can be identified.  It is also important 
to eliminate the hpt gene from transformed plants where antibiotic selection was used.  So, the purpose 






2.2 Materials and Methods 
 
 Plant material used in greenhouse tests included the four non-transgenic varieties Taipei 309, 
Nipponbare, Yang Dao- 4, and Legrue, and four transgenic lines T-38, T-39, T-40, and T-41, which 
were created by the Rice Pathology Laboratory in the Department of Plant Pathology & Crop 
Physiology, LSU Agricultural Center.  These lines were determined by Dr. Q.J. Xie to be segregating 
and were the source for resistant and susceptible seeds to hygromycin B from the cultivar Taipei 309 
(personal communication, Q.J. Xie).  
2.2.1 Greenhouse Test 1 
A preliminary test of the reaction of rice leaves to hygromycin B was conducted using 
hygromycin B solutions.  The eight cultivars and transgenic plants were planted in the greenhouse.  
Three hygromycin concentrations, 32.5 ppm, 65 ppm, and 130 ppm, were prepared using sterile 
deionized water (SDW).  Sterilized, deionized water was used as the non-toxic control.  At the four-
leaf stage, 10 to 15 leaves were selected across the plants in each treatment and a 10-20 mm segment 
of the tip of each leaf was cut with scissors while immersed in the hygromycin B solutions and held in 
each solution for either 5 or 10 seconds.  Data were collected by measuring the length of the leaf 
lesion formed on the remaining portion of the leaf blades, from the cut edge, 7 days after treatment. 
2.2.2 Greenhouse Test 2  
 Based on the preliminary test, three different exposure methods and six hygromycin B 
concentrations were used to retest the plants’ sensitivities to hygromycin B.  The three exposure 
methods included: 
Method I. First, the tips of leaves were dipped into the hygromycin B solution, then the 
leaf-tip was cut 10-20 mm from the tip with scissors while immersed. The 
remaining portion of the leaf blade was held in the solution for 5 seconds.  
Method II. The distal 30-50 mm of leaf blades were dipped into hygromycin B solutions 
for 5 seconds without cutting the leaf blade tips.  
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Method III. The tips of leaves were cut before immersing them in the hygromycin B, then 
the cut blades were dipped into the hygromycin B solution for 5 seconds.  
Six different hygromycin B concentrations, including SDW (0 ppm), 32.5 ppm, 65 ppm, 130 
ppm, 150 ppm, and 200 ppm, were used for this experiment. Lesion length measurements were made 4 
days after treatment (Figure 2.1). 
2.2.3 Field Test 1 
 The same four non-transgenic cultivars and four segregating transformed lines were 
germinated in soil in the greenhouse, and then about 30 to 40 seedlings were transplanted into the field 
at the Rice Research Station in Crowley, LA 30 days after germination.  Transgenic plant T-64 was 
used as the control.  Method I was used in the field test and 150 ppm and 200 ppm solutions of 
hygromycin B were used to treat and detect non-transformed and transformed rice.  SDW was used as 
the control treatment.  Three to five leaves from each plant were treated and at least ten plants for each 
solution tested.  The length of the leaf lesions produced by each treatment was measured in cm 7 days 
after exposure to the solutions. 
2.2.4 Field Test 2 
 The previous tested materials plus another 12 transgenic lines, created by the Rice Pathology 
Laboratory in the Department of Plant Pathology & Crop Physiology, Louisiana State University 
Agricultural Center and resistant to hygromycin B, were used as the materials to be tested.  The 
sensitivity of twenty lines and cultivars to hygromycin B were tested in the field at the Rice Research 
Station, Crowley, LA using method I with 200 ppm hygromycin B during the 1997 rice-growing 
season.  Three to five leaves each from plant were treated and at least ten plants were treated with each 
solution.  The sensitivity of each line to hygromycin B was determined by measuring the lesion 
developing from the cut edge of each leaf in cm. Data was collected 7 days after treatment.  
2.2.5 Seed Germination Test 
 The seeds from the tested plants, which showed a resistant or susceptible reaction to 





















Figure 2.1.  Hygromycin sensitivity tests in the greenhouse.  Taipei 309 was the non-
transgenic cultivar, which was susceptible to hygromycin, with long lesions on the tested 
leaves (arrowed).  T-40 was a transgenic line, with the hpt gene, that was resistance to 
hygromycin, and had very short lesions (arrowed). 
 
seed germination to hygromycin B in vitro as a method for identifying plants not expressing the hpt 
gene or those that had lost the gene after selfing.  The treatments included two hygromycin B 
concentrations, 100 ppm and 200 ppm, with three replications for each treatment.  SDW was used as 
the control treatment (non-toxic).  Eighty seeds were germinated in each replicate plate.  All seeds 
were first soaked in SDW for 24 hours, then the water was drained and 10 ml hygromycin B solution 
at each concentration was pipetted into the replicate test plates.  The plates were incubated at 27C for 
10 days.  The number of germinating seeds, the number of roots, the length of the root mass from each 
seedling, and stem length for each seedling were determined.  
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2.3 Results and Analyses 
2.3.1 Greenhouse Test 1 
 In the preliminary hygromycin sensitivity test, the four non-transgenic cultivars Taipei 309, 
Nipponbare, Yangdao-4, and Legrue were tested at the four-leaf seedling stage for sensitivity to 
hygromycin B.  The reaction of all four cultivars to hygromycin B was quite similar (Table 2.1).  
There was no reaction to hygromycin B on all tested materials when the hygromycin B concentration 
was 0 or 32.5 ppm.  At 65 ppm, the tested material showed yellowing with some necrosis. The higher 
the concentration of hygromycin B, the longer the developing lesion and the more severe the necrosis 
on treated leaf blades.  The lesions on the leaf blades treated with the 130 ppm solution of hygromycin 
B were significantly longer than the lesions on blades treated with 65 ppm for the same time period 
(Table 2.1).   
 Timing of exposure to the hygromycin B solution also produced significant differences.  Leaf 
blades on the same cultivar treated with the toxic solution for 10 seconds had significantly longer 
lesions than those on blades treated for 5 seconds at the same concentration.  For example, with the 
cultivar Yangdou 4, the mean lesion length produced after 5 seconds exposure to the 65 ppm treatment 
was 6.0 mm, but the mean lesion length was 22.0 mm after 10 seconds exposure at the same 
concentration (Table 2.1). 
 With the progeny from the four transgenic plants, T-38, T-39, T-40, and T-41, all of the 
resistant plants tested showed a resistant reaction to the three hygromycin concentrations with two 
different time of exposure at the four-leaf seedling and heading stages (Table 2.2, right picture on 
Figure 2.2).  With susceptible plants, no reaction occurred at the 32.5 ppm concentration, as with the 
non-transgenic cultivars.  However, the susceptible plants from each source showed a similar 
significant susceptible reaction when the hygromycin B concentration was 65 ppm and the treatment 




Table 2.1.  Lesion development on the leaf blades of seedlings of four rice cultivars after exposure 
to hygromycin B solutions at different concentrations and time of exposure.* 
Treatments/Time Yangdou 4 











5 seconds 1.0e 1.0c 1.0d 1.0d Sterile, 
deionized 
water 10 seconds 1.0e 1.0c 1.0d 1.0d 
5 seconds 1.0e 1.0c 1.0d 1.0d 32.5 ppm 
10 seconds 1.0e 1.0c 1.0d 1.0d 
5 seconds 6.0d 1.0c 1.0d 1.0d 65 ppm 
10 seconds 22.0c 7.0b 8.0c 5.0c 
5 seconds 27.0b 8.0b 12.0b 10.0b 130 ppm 
10 seconds 34.0a 15.0a 14.0a 18.0a 
*Values written on column followed by the same letter were not significantly different at p =0.05. 
 
The length of leaf lesions increased with increasing hygromycin B concentration.  The longer 
the time period that the leaf blades from the susceptible plants were in the hygromycin B solution, the 
longer the necrotic lesion that was produced (Table 2.2). 
Table 2.2.  Sensitivity of four segregating transgenic rice plants at the 4-leaf seedling stage to 










R2 S3 R S R S R S 
5 seconds 1.0a 1.0d 1.0a 1.0d 1.0a 1.0c 1.0a 1.0c Sterile 
deionized 
water 10 seconds 1.0a 1.0d 1.0a 1.0d 1.0a 1.0c 1.0a 1.0c 
5 seconds 1.0a 1.0d 1.0a 1.0d 1.0a 1.0c 1.0a 1.0c 32.5 ppm 
10 seconds 1.0a 1.0d 1.0a 1.0d 1.0a 1.0c 1.0a 1.0c 
5 seconds 1.0a 1.0d 1.0a 1.0d 1.0a 1.0c 1.0a 1.0c 65 ppm 
10 seconds 1.0a 8.0c 1.0a 8.0c 1.0a 1.0c 1.0a 1.0c 
5 seconds 1.0a 12.0b 1.0a 13.0b 1.0a 22.0a 1.0a 12.0b 130 ppm 
10 seconds 1.0a 14.0a 1.0a 17.0a 1.0a 17.0b 1.0a 18.0a 
1 Values written on column followed by the same letter were not significantly different at p =0.05. 
2 R refers to the plants that were resistant to hygromycin B in the preliminary test. 
3 S refers to plants that were susceptible to hygromycin B in the preliminary test. 
 
2.3.2 Greenhouse Test 2 
 Based on the results of the original seedling test, the four cultivars were treated using three 
different methods to determine their sensitivities to hygromycin B at the maximum tillering stage in 
the greenhouse in 1996.  With the four non-transgenic cultivars, lesion type and length, when exposed 
using method II, were not consistent.  Some of the treated leaf blades showed scattered brown spots on 
the leaves, and some showed no symptoms.  It was very hard to judge their reaction to hygromycin B.  
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It was clear that the leaf blade needed to be cut before the herbicide was taken up and symptoms were 
expressed.  When exposure methods I and III were used, both of the hygromycin B concentrations 
produced good lesions on the leaves.  But for all of the tested materials, method I, where the tips of 
leaf blades were cut while in the hygromycin B solution and then kept in the solution for 3 to 5 
seconds, showed longer lesions than method III, in which the tips of leaves were cut first, then dipped 
into the hygromycin B solution and kept in the solution for 3 to 5 seconds (Table 2.3).  Method I, 
using 150 ppm hygromycin B, produced at least 23 mm-length lesions on the leaves, but using the 
same concentration with method III, the longest lesion was just 9 mm.  The leaf lesion produced by 
200 ppm using exposure method I was at least 55 mm, but the longest leaf lesion for 
method III was significantly less at 24 mm.  Exposure method I was the most effective method to 
detect the sensitivity of non-transgenic plants to hygromycin B. 
 For the four transgenic materials with the hpt gene segregating, the reactions of all of the 
plants previously identified as resistant to hygromycin B showed resistant reactions whatever exposure 
method was used to test them. But for the susceptible plants, method I produced the severest 
symptoms and longest lesions on the leaves.  The leaf lesions on the susceptible plants produced by 
exposure method I were significantly longer than those produced by methods II or III.  Method II 
showed the same inconsistent results as those obtained from the greenhouse.  Some of the susceptible 
plants showed a susceptible reaction, but some did not show any symptoms.  Exposure method III 
gave reactions between methods II and I.  It produced necrotic lesions, but shorter than method I.  
Therefore, method I was the best detection method among the three methods tested (Table 2.3 and 
Table 2.4). 
2.3.3 Field Test 1 
 After the greenhouse tests, seed from the same plant materials, including four non-transformed 
cultivars and progeny from four transformed plants that were segregating, were germinated in the 
greenhouse, and transplanted into the field at the Rice Research Station in Crowley, LA.  These plants 
were tested in the field using 200 ppm hygromycin B solution and method I.  All tested plant materials 
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showed similar results as when tested in the greenhouse (Tables 2.5 and 2.6).  The plants that were 
highly susceptible to hygromycin B solution in the greenhouse test were also highly sensitive to 
hygromycin B solution in the field test.  The average lesion length on leaves of these plants was 50.0 
mm.  Plants grown from seeds collected from plants resistant to hygromycin B solution in the 
greenhouse were also resistant to hygromycin B in the field.  The average lesion length on leaves from 
these plants was 2.0 mm.  This was significantly shorter than lesions on susceptible, non-transformed 
cultivars or susceptible segregates.  
Table 2.3.  Length of leaf lesions on four rice cultivars at the maximum tillering stage of growth 
treated with two hygromycin B concentrations and three exposure methods in the greenhouse.1 










Lesion length  
(mm) 
Control (H2O) 1.0g 1.0f 1.0g 1.0f 
150 ppm 38.0d 23.0c 33.0c 29.0c 
Method I2 
200 ppm 49.0b 33.0b 51.0b 36.0b 
Control (H2O) 0.0g 0.0f 0.0g 0.0f 
150 ppm 42.0c 0.0f 14.0e 0.0f 
Method II3 
200 ppm 64.0a  55.0a 71.0a 61.0a 
Control (H2O) 1.0g 1.0f 1.0g 1.0f 
150 ppm 9.0f 4.0e 4.0f 3.0ef 
Method III4 
  
200 ppm 24.0e 12.0d 19.0d 16.0d 
1 Values written on column followed by the same letter were not significantly different at p =0.05. 
2 In method I the tips of leaf blades were dipped into the hygromycin B solutions, the tips of the  
leaves were then cut with scissors and kept in the solution for 5 seconds. 
3 In method II the tips of leaf blades were put into hygromycin B solutions for 5 seconds without being 
cut. 
4 In method III the tips of leaf blades were cut first, then placed into the hygromycin B solutions and 
kept there for 5 seconds. 
 
2.3.4 Field Test 2 
 The results from the tests conducted on 20 lines and cultivars for sensitivity to hygromycin B 
indicated that the results were consistent and matched well with the previous test results.  In other 
words, the plants that showed a susceptible reaction to hygromycin B were susceptible to hygromycin 
B in the previous test. The plants that showed a resistant reaction to hygromycin B were resistant to 





Table 2.4.  Comparison of the leaf lesions on segregating progeny from transformed plants treated 
at the maximum tillering stage with two hygromycin B concentrations and three exposure 
methods in a greenhouse test.1 
T-38 (mm) T-39 (mm) T-40 (mm) T-41 (mm) Detection methods**** 
R2 S3 R S R S R S 
150 ppm 2.0a 22.0b 2.0a 19.0c 2.0a 21.0b 2.0a 23.0b 
200 ppm 2.0a 36.0a 2.0a 34.0b 2.0a 41.0a 2.0a 35.0a 
Method I 
Control (H2O) 1.0a 1.0d 1.0a 1.0e 1.0a 1.0d 1.0a 1.0c 
150 ppm 0.0a 0.0d 0.0a 0.0e 0.0a 0.0d 0.0a 0.0c 
200 ppm 0.0a 0.0d 0.0a 48.0a 0.0a 0.0d 0.0a 41.0a 
Method II 
Control (H2O) 0.0a 0.0d 0.0a 0.0e 0.0a 0.0d 0.0a 0.0c 
150 ppm 2.0a 2.0d 2.0a 2.0e 1.0a 1.0d 2.0a 1.0c 
200 ppm 2.0a 14.0c 2.0a 13.0d 1.0a 11.0c 2.0a 22.0b 
Method 
III 
Control (H2O) 1.0a 1.0d 1.0a 1.0e 1.0a 1.0d 1.0a 1.0c 
1 Values written on column followed by the same letter were not significantly different at p =0.05. 
2 R refers to the length of lesion on the resistant plants to hygromycin B tests. 
3 S refers to the length of lesion on the susceptible plants to hygromycin B tests 
4 In method I the tips of leaf blades were put into the hygromycin B solution, then the tips of the 
leaves were cut and kept in solution for 5 seconds.  In method II the tips of leaves were put into 
hygromycin B solution and kept there for 5 seconds without being cut.  In method III the tips of leaves 
were cut first, then dipped into the hygromycin B solution for 5 seconds. 
 
Table 2.5.  Lengths of leaf blade lesions on four non-transformed commercial rice cultivars 
and one transgenic line treated with 200 ppm hygromycin B solution in an experiment at the 
Rice Research Station in Crowley, LA in 1997.* 
Cultivar 
 
Average lesion length 
(mm) 
Lesion length range 
 (mm) 
Yangdao 4 64.0a 59.0 – 69.0 
Legrue 50.0b 45.0 – 58.0 
Nipponbare 64.0a 58.0 – 72.0 
Taipei 309 60.0a 53.0 – 69.0 
T-64 (Transgenic control) 2.0c 1.0 – 3.0 




Table 2.6.  Length of leaf lesions on segregating transgenic rice plants treated with 200 ppm 
hygromycin B solution at the Rice Research Station in Crowley, LA  in 1997.1 















T-38 5.0a 2.0 – 9.0 61.0a 56.0 – 68.0 
T-39 4.0a 2.0 – 8.0 52.0a 39.0 – 78.0 
T-40 3.0a 2.0- 7.0 53.0a 45.0 – 60.0 
T-41 3.0a 1.0 – 4.0 55.0a 47.0 – 59.0 
1 Values written on column followed by the same letter were not significantly different at p =0.05. 
2 Plants tested before were resistance to hygromycin B.  




2.3.5 Seed Germination Test 
 Seeds harvested from the plants grown and tested in the field were dried in an oven-dryer for 2 
days at 42C and used in seed germination tests.  The mean germination rate of seed from susceptible 
plants in the 100 ppm hygromycin B solution was 53.2 % (Table 2.7).   
 
Figure 2.2. Comparison of the leaf lesions produced on resistant and susceptible Nipponbare 
 plants exposed to 200 ppm hygromycin B in a field test.  The leaf blade on the right shows no 
 reaction of the resistant plants to hygromycin B.  The leaf blades on the left show the lesions 
 produced on susceptible, non-transformed plants. 
 
 This was significantly lower than the germination percentage of seed from non-transgenic 
plants germinated in water (94.9 %) and resistant seed from transgenic plants germinated in the 
hygromycin B solution (90.3 %).  The germination rate of seeds harvested from susceptible plants, 
when germinated in a 200 ppm solution of hygromycin B, was 4.2 %, which was significantly lower 
than at 100 ppm (53.2%).  Also, the mean number of roots, mean root length, and mean stem length 
for seeds germinated in 100 ppm hygromycin B were significantly lower than with the water control, 
and significantly higher than seeds germinated in 200 ppm hygromycin B (Table 2.7).  Differences 
among the investigated characteristics of germination and growth for seeds from transformed, resistant 
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plants germinated in the 100 ppm and 200 ppm hygromycin B solutions were not significant.  In 
addition, there were no significant differences among all of the investigated characteristics between 
the 100 ppm and 200 ppm hygromycin B solutions and the water controls when seeds from resistant 
plants were used. 
Table 2.7.  Germination and growth of seeds collected from hygromycin B resistant and 
susceptible plants treated with two hygromycin B solutions. Parents were grown in the field at the 
LSU Rice Research Station, in Crowley, LA in 1997.1 














100 ppm 150/282 53.2b 1.01b 10b 9.0bc 
200 ppm 13/313 4.2c 0.03 4c 6.0c 
Seeds from 
susceptible 
plants Control 12  225/337 94.9a  2.25a   21a 17.0a  
100 ppm 139/154 90.3a 2.69a 17a 18.0a 
200 ppm 138/151 91.4a 2.37a 17a 18.0a 
Seeds from 
resistant 
plants Control 23 357/377 94.7a 2.67a 18a 19.5a 
1 Significant at P = 0.05.  Followed by same letter not significantly different within columns. 
2 Control 1 refers to susceptible seeds harvested from plants in the field and germinated in sterilized 
deionized water. 





 Protocols were developed for a non-lethal in vivo test to identify resistance or susceptibility to 
hygromycin B in rice transformed with the hpt gene.  Plants in the greenhouse or field can be tested 
for resistance or gene expression by immersing the tips of leaf blades into a 200 ppm solution of 
hygromycin B and cutting in a straight line across the blade, about 10 mm from the tip, while the blade 
is maintained in the solution.  The cut leaf blade should be maintained in the solution for 5 seconds.  
Sensitivity data can be quantified by measuring lesion length from the cut edge.  This method gave 
very consistent results and has been used many times during subsequent research. 
 Segregating populations can easily be screened for hygromycin B resistance in a lethal 
in vitro test by using the seed germination method.  Seeds should be germinated in a 200 ppm solution 
of hygromycin B.  Seeds that survive and produce seedlings are transformed and have the hpt gene 
expressing.  This procedure is non-lethal to expressing plants and the transformed plants could be 
recovered and transplanted after the test. 
CHAPTER 3 
 
INHERITANCE OF THE LIBERTY RESISTANCE (BAR) AND HYGROMYCIN 
RESISTANCE (HPT) GENES IN THE PROGENIES OF TRANSGENIC TAIPEI 309 AND 




It is important to clearly understand the inheritance of foreign genes in transgenic plants for 
these transgenes to be utilized properly.  Several foreign genes in transgenic soybean, including the 
GUS and neosporin resistance genes, were determined to be single dominant genes (Christou et al., 
1989; Boutsalis et al., 1995; Peng et al., 1995; Aragao et al., 1996).  A 3:1 segregation ratio for Liberty 
herbicide resistance was observed among the segregating progenies of selfed transgenic Taipei 309 
and Nipponbare plants with the bar gene (Rush et al., 1996).  Brettschneider et al. (1997) found 
Mendelian segregation of the transgene for several constructs of the PAT (Phosphinothricin Acetyl 
Transferrase) gene used in the transformations they studied. Tang et al. (2000) indicated that the 
resistance of three transgenic Bacillus thuringiensis (Bt) cotton strains to Helicoverpa armigera was 
controlled by one pair of non-allelic dominant genes.  However, Huang et al. (1999) found that 
resistance of the European corn borer, Ostrinia unbilalis, to a commercial formulation of Bt Berliner 
toxin, appeared to be inherited as an incompletely dominant autosomal gene.  These reports mainly 
involved investigation of transgenes in the progenies of transformed plants or the inheritance of a 
single target gene from the plasmid construct. 
The hygromycin phosphotransferase gene (hpt), which was constructed with the bar gene to 
form the pBSL21 plasmid, was used as a selectable marker during rice gene transformation of rice 
(Cao et al., 1992; Li et al., 1995).  The hpt gene in the pBSL21 plasmid was closely linked with bar 
gene (Figure 1.3).   Rice has been successfully transformed many times (Cao et al., 1992; Xie et al., 
1995).  When the pBSL21 plasmid DNA was transferred into rice varieties by microprojectile 
bombardment, the selectable marker gene for resistance to hygromycin B and the gene for resistance 
to Liberty herbicide were both transferred into the rice chromosome.  However, there is a very low 
possibility that the hygromycin gene may be transferred to microorganisms in the intestines of 
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animals, including humans, after the products produced by transgenic plants are consumed (Heppola, 
2000).  Hygromycin B is an antibiotic, and there have been objections to inclusion of the hpt gene in 
crop products.   
It would be useful to understand the relationship between the bar and hpt genes in view of 
crop production needs and people’s concerns, and to try and delete the hpt gene from transgenic 
plants, producing transgenic lines with only the bar gene.  It has been common in our greenhouse and 
field tests that resistance to Liberty among transgenic plants varies.  This may be due to incomplete 
expression of the foreign gene in transformed plants.  So, the first purpose of this research was to 
create a rating scale to quantify resistance of transgenic plants to Liberty.  As there are few reports on 
the mode-of-inheritance of these target and selective marker genes and on the relationships between 
the alien gene and the selectable marker gene, the second objective of this research was to explore the 
inheritance of both target and selective marker genes and their relationships from generation to 
generation.  An additional objective of this research was to see if the selective marker gene for 
hygromycin B resistance was ever removed from transgenic plants through crossing over when these 
plants were crossed with non-transgenic rice.  This would allow development of lines transgenic for 
the bar gene for Liberty resistance, but without the hpt gene for hygromycin B resistance, a gene 
considered undesirable in crop plants by environmental groups. 
3.2 Materials and Methods 
 
3.2.1 Rating the Reaction of Transformed Plants to Liberty Herbicide 
 A rating scale for the reaction of transformed plants to Liberty was used based on transgenic and 
non-transgenic plant reactions after Liberty applications in field tests at the LSU Rice Research Station 
in Crowley, LA (RRS) observed from 1996 to 1998.  The resistance reactions of transgenic rice plants 
to Liberty herbicide were divided into six levels from 0 to 5.  Ratings were made 7 days after Liberty 
applications.  Plants also were grown for some rating tests in a greenhouse on the main LSU campus 
in Baton Rouge, LA.  
 The rating scale was as follows: 
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  0 = No reaction on the leaves after Liberty application.  
  1 = A few yellow or brown flecks on the leaves after Liberty application. 
  2 = Brown spots up to about one cm in length on the leaf blades.  
  3 = Many brown spots on the leaf blades and the tips of leaves become yellow.  
  4 = The affected plant is covered with brown spots and leaves are yellowing, but these 
plants do not die. 
  5 = Plants die and leaves become yellow-orange or straw colored after Liberty   
 application. 
3.2.2 Inheritance Studies on the Bar and Hpt Genes in the Progenies of Transgenic Taipei 309 
and Nipponbare Plants 
 
 Classical inheritance studies were conducted to explore the mode-of-inheritance for the 
transgenic plants based on parents, F1, F2, and F3 generation phenotypic reaction to Liberty 
applications. 
3.2.2.1 Crosses Made and Distribution of Bar and Hpt Genes in the F2 Populations.  Two 
homozygous transgenic plants T-26-D and T-64, derived from transgenic Taipei 309, and two 
homozygous transgenic plants N-84-1 and N-84-3 from transgenic Nipponbare, all of which were R3 
generation and carrying resistance genes to Liberty herbicide and hygromycin B, were crossed 
reciprocally with non-transgenic Taipei 309 and Nipponbare, respectively, in the summer of 1996.  
The seed of the parents were planted in the field at the RRS.  The plants were transplanted into the 
greenhouse at the booting/heading stage of growth.  As panicles began to exert, flowers on which the 
glumes had not opened were selected for crossing.  Flowers that had opened or very immature flowers 
were removed with scissors.  Only the flowers that would open and pollinate on the same day were left 
on the panicles.  The trimmed panicles were placed into a water-bath with the water maintained at 43 
C, by laying the pot on its side above the bath and dipping the top of the plant into the water bath.  The 
emerging panicles were kept in the hot water for 5 minutes to kill the pollen inside the anthers.  After 
hot water treatment, all flowers that did not open were removed and the panicle was covered with a 
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semi-opaque, waxed paper bag.  The bags were labeled with the female plant designation and date.  At 
normal flowering time, the panicles were dusted with pollen from the designated male and covered 
again with the bag.  The same bag was labeled with the male designation.  Seeds were harvested 3-4 
weeks after pollination.  The harvested seeds were placed into a drying oven at 41C for 3 days to dry 
the seeds. 
 In the field during the 1997 growing season, and in the greenhouse during the winter of 1997-
1998, F1 and F2 generations were produced.  The seeds from F2 plants were planted at the Rice 
Research Station in Crowley, LA in tiers of 91 cm rows with a Hege 90 Series Drill Planter using 12-
cell magazines and 10-inch spacing between rows, in the summer of 1999.  Parents and F1 plants were 
transplanted by hand from the greenhouse to the field.  All plot areas were treated with herbicide 
(propanil and Londax) and Icon insecticide.  Plot areas received preplant application of 14-42-42 (N-
P2O5-K2O) fertilizer and a topdressing of 492 kg / ha urea at the first joint elongating growth stage.  
Standard agronomic practices were followed in all plantings. 
 All plants were tested 30 days after transplanting or 50 days after seeding with 200 ppm 
hygromycin B by cutting leaf tips submerged in the solution and holding them there for 5 seconds.  
The lesion length on tested leaves was measured 7 days after hygromycin treatment, and the 
susceptible plants were marked with colored engineering flags.  Liberty was sprayed at 2.10 kg a. i. / 
ha over all plants in the field after the hygromycin test.  The data were collected 4 days after spraying 
herbicide.  These data were used to determine each plant phenotype for determining resistance or 
susceptibility to hygromycin B and Liberty. 
3.2.2.2 Using PCR to Determine whether the Hpt Gene was Present in Plants Susceptible to 
Hygromycin B in the F2 Populations.  Eight to 10 leaves from the marked surviving plants, which 
were resistant to Liberty, but susceptible to hygromycin B, were collected, frozen and used later for 
Polymerase Chain Reaction (PCR) analysis after the hygromycin and herbicide tests.  The plants that 
were sensitive to Liberty died after Liberty applications in the field.  No leaves were collected from 
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the dead plants.  The leaves from transgenic plants used as parents in the crosses were collected and 
used as controls.  DNA isolated from the pBSL21 plasmid also was used as a control.  
 DNA from collected leaves was isolated in the laboratory.  Rice genomic DNA was isolated 
based on the protocol of molecular cloning (Sambrank et al., 1989).  PCR was carried out based on a 
modification of the method described by Remko (1995).  Two primers were used on each DNA 
sample: (1) one to amplify the hpt gene (forward: 5’-AGTTCGACAGCGTCTCCGA-3’; reverse: 5’-
TATTCCTTTGCCCTCGGACGA-3’), and (2) another to amplify the bar gene (forward: 5’-
TACCATGAGCCCAGAACGA-3’; reverse: 5’- TCAGATCTCGGTGACGGGCA-3’).  Prepared 
genomic DNA from the tested material (1 ul) was taken for use as the template.  We then added 5 ul of 
10 x PCR buffer, 4 ul of 25mM MgCl2, 1 ul of 10mM dNTPs, 1 ul of 10 uM forward primer, 1 ul of 
10 uM reverse primer, 2 units of Taq DNA polymerase, and 50 ul H2O.  These components were 
mixed gently but well.  Forty ul of light mineral oil was layered over the top of the solution.  The tubes 
were placed into adjacent wells of the thermal cycler (TECHNE, UK).  Each cycle included 50 
seconds at 94 C for template denaturation, 50 seconds at 54 C for annealing the primer to the template, 
2 minutes 30 seconds at 72 C for DNA elongation.  Thirty five cycles were run each time.  The 
samples were run on 1% agarose gel to detect the results after amplification. 
3.2.2.3 Crosses Made and Allelic Analysis of the Four Transgenic Plants.  Six reciprocal crosses 
were made among T-26-D, T-64, N-84-1, and N-84-3 in 1996.  F1 and F2 generations were produced 
during the rice growing seasons in 1997 and in the greenhouse during the winter of 1997 – 1998.  The 
seeds from F1 plants were planted in tiers of 91 cm rows with a 10-inch spacing between rows using a 
Hege 90 Series Drill Planter with 12-cell magazines at the RRS in the summer of 1999.  The parents 
and F1 progeny were transplanted by hand from the greenhouse to the field.  All plot areas were treated 
with herbicide (propanil and Londax) and Icon insecticide.  Plot areas received preplant application of 
14-42-42 (N-P2O5-K2O) fertilizer and topdressings of 492 kg / ha urea at the maximum tillering/first 
joint elongating stage of growth.  Standard agronomic practices were used in all plantings.   
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3.2.2.4 Identification of Segregating Lines Selected from Surviving F2 Plants in the F3 
Generation.  The parents and F1 plants were transplanted by hand from the greenhouse to the field.  
Liberty herbicide at 2.10 kg a.i. / ha was applied 30 days after transplanting or 50 days after seeding in 
the field.  All F1 plants were resistant to Liberty. Seed from each cross were collected and planted in 
the field in 1997.  Single panicles were randomly collected from 50 F2 surviving plants in each F2 
population in both the field and greenhouse during 1997-1998.  Seeds from the F2 plants were planted 
in the field at the RRS to give 50 panicle-derived F3 lines from each F2 population in the rice-growing 
season in 1998.  The same methods for hygromycin screen and herbicide tests mentioned above were 
used to test each plant of each line.  Each line was identified as heterozygous or homozygous resistant 
to both hygromycin and herbicide.  These results also were used to retest the genetic ratio indicated by 
the F2 data. 
3.2.3 The Relationships between Bar and Hpt Genes in the Progenies of Transgenic Taipei 309 
and Nipponbare Plants 
 
 Bar and hpt genes were closely linked based on the map of the plasmid pBLS 21 (Figure 1.3).  
However, once the target and selective marker genes were inserted into the plants and gene(s) 
expressed, it is possible that some positional changes occurred between these two genes. 
3.2.3.1 Identification of Progeny Susceptible to Hygromycin B and Resistant to Liberty 
Herbicide from Transgenic Plants.  More than 6,000 progeny were obtained from seeds, collected 
from transgenic plants, germinated in the greenhouse and transplanted by hand into the field at the 
RRS in the growing season of 1996.  Plot areas received preplant application of 14-42-42 (N-P2O5-
K2O) fertilizer and topdressing of 500 kg / ha urea.  Standard agronomic practices were used. 
 Three weeks after transplantation, all of the progeny were sprayed with 2.10 kg a.i. / ha 
Liberty.  Rows of 37 non-transgenic rice varieties or elite breeding lines were used as controls.  Data 
was collected 7 days after Liberty application.  The surviving plants were tested with 200 ppm 
hygromycin B by cutting the leaf tips submerged into the hygromycin solution for 5 seconds, 10 days 
after Liberty application.  The surviving plants that were sensitive to hygromycin B were marked with 
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colored flags 7 days after the hygromycin test (Figures 3.1 and 3.2).  Plants sensitive to hygromycin B 
were harvested and retested for several years beginning with the growing season of 1997.  Panicle 
rows were planted in tiers of 91 cm rows, with a 10-inch spacing between rows, using a Hege 90 
Series Drill Planter every year from 1997 to 2001.  The Liberty was applied for those plants 50 days 
after planting, and the standard hygromycin test was conducted in each row 10 days after Liberty 
application.  Data were collected 7 days after each test. 
  
Figure 3.1.  View of the experimental field at the Rice Research Station in Crowley, LA in 
1996, 3 days after Liberty application.  Yellow plants were susceptible to Liberty herbicide 
and dying. Green plants were resistance to Liberty herbicide.  The mass of dying plants in the 
back-right part of the figure were the non-transgenic cultivar controls. 
 
 In 2001, eight to 10 leaves were taken from each of the lines selected from field screening 
tests conducted from 1997-2001 after Liberty herbicide application and hygromycin test for DNA 
isolation in the laboratory.  Rice DNA was prepared based on the protocol of Molecular Cloning 
(Sambrook et al., 1989).  The same two pairs of primers were used for amplification (Polymerase 
Chain Reaction or PCR) of hpt gene and the bar gene.  All experiments were conducted as previously 
described. 
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 Figure 3.2.  Identification of plants sensitive to hygromycin B 10 days after Liberty herbicide 
application in the field at the Rice Research Station in Crowley, LA in 1996.  Plants with clear 
sensitivity to hygromycin B were marked with red or orange engineering flags.  Plants marked 
with blue flags were resistant to hygromycin B.  The reaction of plants marked with white 
flags was not clearly resistant or susceptible.  The clear area in the center of the picture was 
where susceptible, non-transgenic control varieties were planted. 
 
 Southern blot analysis was conducted based on the procedure described in the manual of ECL 
direct nucleic acid labeling and detection systems kit (Amersham Pharmacia Biotech, 1995).  The 
probe used in southern blot analysis was prepared from the plasmid pBSL21 and labeled using the 
ECL labeling system kit. 
3.2.3.2 Identification of Gene Silencing Ocurring in Progeny from the Backcross Studies.  In the 
summer of 1997, the transgenic plants T-64, T-26-D, T-28, T-28-E, T-28-W, and N-84, were selected 
to be bar gene resistant donors, and the commercial cultivars Cypress, Lemont, Lafitte, Katy, 
Maybelle, and Drew, were selected to be recurrent parents in a study to determine how quickly 
transgenes can be transferred to varieties from transgenic plants using the cross/backcross method 
(Chapter 5).  These same plants were used to study silencing or loss of the hpt gene in progeny from 
the same crosses/backcrosses.  Plants susceptible to hygromycin B were identified and it was 
determined using southern blot tests whether the gene was present in the plant, but silenced, or if the 
gene was missing due to recombination during crossing/backcrossing.  It would be very desirable if 
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the hpt gene could be lost/removed from transgenic plants during crossing or by selfing progeny from 
crosses. Crosses were made between donor and recurrent parents.  The gene donor parent, recurrent 
parent, and F1 seedlings were sprayed with 363 ppm a.i. Liberty in the greenhouse.  Reactions of the 
tested plants to Liberty were noted 3 days after Liberty applications.  The standard hygromycin test 
was conducted on the surviving plants 10 days after Liberty applications.  Sensitivity of the plants to 
hygromycin B was determined 7 days after hygromycin screening.  The same determinations of 
Liberty and hygromycin resistance were made on the all seedlings of progeny from repeated 
backcrosses and the parent varieties.  Once a plant with Liberty resistance and hygromycin 
susceptibility was identified, the plant was marked and harvested separately.  The next year, seeds 
were planted in panicle rows in the field at the RRS with a Hege planter.  The Liberty and hygromycin 
screening tests were applied on the plants in progeny rows.  Data were collected each year.  In the 
summer of 2001, eight to 10 leaves were collected from each progeny row and frozen.  DNA isolation, 
PCR analysis, and southern blot tests were applied as previously reported.  DNA used for the positive 
control was isolated from plasmid pBSL21, the plasmid used in our gene transformation studies.   
3.3 Results and Analyses 
 
3.3.1 Rating Scale Developed to Quantify the Reaction of Transgenic Rice Plants to Liberty 
 The resistance reaction of transgenic rice plants to Liberty were divided into six levels from 0 
to 5, and ratings were made 7 days after Liberty applications (Figure 3.3 to Figure 3.7).  A zero 
reaction indicated no reaction by the plants to Liberty (Figure 3.3).  A “1” rating had leaves showing a 
few small brown flecks or spots.  A 2 rating indicated a few brown spots and streaks on the leaves 
after Liberty application (Figure 3.4).  A rating of 3 indicated that there were many brown spots, 
including spots 1cm or longer in length, on the leaves and the tips of leaf blades were yellowing 
(Figure 3.5).  When the whole rice plant was covered with a mixture of brown spots and with the 
leaves yellowing, including yellow streaks and many yellow and brown flecks, but the plant did not 
die, these plants were assigned a 4 rating (Figure 3.6).  When plants died and become orange or straw 





 Figure 3.3. A rating of “0” equaled no          Figure 3.4. Plants with a “2”rating. 






   
 Figure 3.5. Plants with a rating of “3” and        Figure 3.6.  A rating of “4” indicated  







                 Figure 3.7. A “5” rating indicated a completely 
                 susceptible plant. These plants died. 
 
3.3.2 Inheritance Studies on the Bar and Hpt Genes in the Progenies of Transgenic Taipei 309 
and Nipponbare Plants 
 
 Eight reciprocal crosses were made in the greenhouse in the summer of 1996.  All F1 plants in 
the crosses showed resistant reactions to Liberty and hygromycin B after application of Liberty 
herbicide and the hygromycin B in the greenhouse tests during the spring of 1997 and field tests 
during the summer of 1997.  This indicated that the resistant to Liberty herbicide and hygromycin B 
was controlled by dominant nuclear genes.  
3.3.2.1 Distribution of Bar and Hpt Genes in the F2 Populations.  When non-transgenic Taipei 309 
was used to make reciprocal crosses with transgenic T-26-D, the distribution of resistance in the F2 
population was 493 out of 680 plants resistant to Liberty, and 187 plants were susceptible to Liberty.  
The ratio of the number of resistant to susceptible plants was 3:1.  The X2 value was 2.2667 and p-
values ranged between 0.10 and 0.25.  The distribution of hygromycin resistance was similar.  There 
were 492 out of 680 plants resistant to hygromycin B solution and 188 plants were susceptible to 
hygromycin B.  The ratio of hygromycin resistant to hygromycin susceptible plants was 3: 1.  The X2 
value was 2.5412 and p-values ranged from 0.1 to 0.25 (Tables 3.1 and 3.2).  The bar and hpt gene 
analysis for this cross suggested that both Liberty resistance and hygromycin resistance in T-26-D 
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were controlled by single dominant genes.  However, if the segregation of bar and hpt genes was 
analyzed together, the data showed that there were four types of segregation in the F2 population.  Two 
of them belonged to the original parental types where 486 plants were resistant to both Liberty and 
hygromycin B and 181 plants were susceptible to both Liberty and hygromycin B.  There also were 
two new phenotypes expressed.  In one of the new phenotypes six plants were resistant to Liberty 
herbicide, but susceptible to hygromycin B.  In the second case seven plants were resistant to 
hygromycin B but susceptible to Liberty (Table 3.3 and Figure 3.8).  The parent phenotypes occurred 
in 98.1 % of the progeny, and the two new phenotypes in only 1.9 % of the progeny.  This indicated 
that the bar and hpt genes were tightly linked.  Two possibilities could explain the new segregation 
pattern.  One of them was that crossing over occurred during meiosis in the F1 plants.  If this 
happened, the value of the crossover was 1.9%.  This would be very useful for our future breeding 
program if this is true.  Another possibility is that some of the bar and hpt genes were silenced.  If this 
was true, there was a 1.9% chance for the gene to become silenced or non-expressing. 
Table 3.1.  Distribution of bar gene in the F2 populations of eight different crosses using four 





resistant plants  
( R ) 
Number of 
susceptible 
plants ( S )  
Ratio  






Taipei 309 x T-26-D 493 187 3 :1 2.2667 0.10 - 0.25 
T-26-D x Taipei 309 518 195 3 :1 2.0986 0.10 - 0.25 
Taipei 309 x T-64 575 178 3 :1 0.7441 0.25 - 0.50 
T-64 x Taipei 309 492 163 3 :1 0.0046 0.75 - 0.90 
NPB4 x N-84-1 487 156 3 :1 0.1872 0.50 - 0.75 
N-84-1 x NPB 553 190 3 :1 0.1296 0.50 - 0.75 
NPB x N-84-3 442 123 3 :1 3.1439 0.05 - 0.10 
N-84-3 x NPB 625 193 3 :1 0.8623 0.25 - 0.50 
1 Transgenic rice lines T-26-D and T-64 were transformed using Taipei 309 as explants. N- 84-1 and 
N-84-3 were transformed using Nipponbare as explants. 
2 X2 0.05, 1= 3.814146, X2 0.01, 1 = 6.6349. 
3 p-value refers to the lowest level of significance for which the null hypothesis would be rejected for 
that population. 
4 NPB refers to the Japonica cultivar Nipponbare. 
 
Results from the reciprocal cross, T-26-D x Taipei 309, also showed that the distributions for 
the bar and hpt genes in the F2 population were controlled by single dominant genes.  The result was 
the same as that obtained by crossing Taipei 309 x T-26-D.  Analysis for the bar gene indicated that 
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518 of 713 plants were resistant to Liberty, and 195 plants were susceptible to Liberty.  The ratio of 
resistant plants to susceptible plants was 3:1.  For the hpt gene, 519 of 713 plants were resistant to 
hygromycin and 194 plants were susceptible to hygromycin.  The ratio of the resistant plants to 
susceptible plants was also 3:1.  Also, the same two new segregation types were observed when the 
distribution of both genes was considered together.  However, the number of plants not expressing 
Liberty or hygromycin B resistance was very low. 
Table 3.2.  Distribution of hpt gene in the F2 populations of eight different crosses using four 





resistant plants  
( R )2 
Number of 
susceptible 
plants ( S )2 
Ratio   






Taipei 309 x T-26-D 492 188 3 :1 2.5412 0.10 – 0.25 
T-26-D x Taipei 309 519 194 3 :1 1.8556 0.10 – 0.25 
Taipei 309 x T-64 577 176 3 :1 1.1183 0.25 – 0.50 
T-64 x Taipei 309 490 165 3 :1 0.0013 0.95 0.975 
NPB x N-84-1 485 158 3 :1 0.0627 0.75 – 0.90 
N-84-1 x NPB 554 189 3 :1 0.0779 0.75 – 0.90 
NPB x N-84-3 443 122 3:1 3.4980 0.05 – 0.10 
N-84-3 x NPB 625 193 3:1 0.8623 0.25 – 0.50 
1 NPB refers to the Japonica rice cultivar Nipponbare. 
2 R refers to plants resistance to hygromycin B solution, S refers to plants susceptible to hygromycin B 
solution. 
 
When non-transgenic Taipei 309 was used as the female in a cross with transgenic T-64, 575 
plants out of 753 plants were resistant to Liberty, 178 plants were susceptible to Liberty.  The ratio of 
Liberty resistant plants to susceptible plants was 3:1.  The X2 value was 0.7441 and p-values ranged 
from 0.25 to 0.50 (Table 3.1).  This indicated that the resistance to Liberty in transgenic plant T-64 
was controlled by a single dominant gene.  The observations for hygromycin B resistance indicated 
that 577 progeny among 753 progeny were resistant to hygromycin and 176 were susceptible to 
hygromycin.  The ratio of resistant to susceptible progeny was 3:1.  The X2 value was 1.1183 and p-
values ranged from 0.25 to 0.50 (Table 3.2).  Resistance to hygromycin B in transgenic plant T-64 was 
controlled by a single dominant gene.  The analysis of the distribution for both bar and hpt genes 
showed that there were also two new segregation types in the F2 population.  One of them was 
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resistance to Liberty, but susceptible to hygromycin B.  Seven plants were found to be of this type. 
Another was resistant to hygromycin B but susceptible to Liberty.  Five plants had this combination.  
The potential crossover value or gene silencing frequency was 1.59% (Table 3.3 and Figure 3.8). 
The reciprocal cross, T-64 x Taipei 309, showed similar results.  Liberty and hygromycin 
resistance were linked and controlled separately by single dominant genes.  But some crossing over or 















TP309/T-26-D T-26-D/TP309 TP309/T-64 T-64/TP309
Crosses
  
Figure 3.8.  Segregation and distribution of bar and hpt genes in the F2 populations obtained 
when Taipei 309 was reciprocally crossed with the transgenic plants T-26-D and T-64.  For 
each cross, the first column in each set indicates the number of plants resistant to both Liberty 
herbicide and hygromycin B; the second column represents the number of plants resistant to 
Liberty herbicide, but susceptible to hygromycin B; the third column represents the number of 
plants susceptible to Liberty but resistant to hygromycin B; the last column represents the 
number of plants which were susceptible to both Liberty and hygromycin B. 
 
 
N-84-1 and N-84-3 came from the same transformation event, but different calli.  Both of 
them were used to make reciprocal crosses with non-transgenic Nipponbare.  With the cross 
Nipponbare x N-84-1, segregation in the F2 gave 487 progeny out of 643 resistant to Liberty and 156 
progeny that were susceptible to Liberty.  The ratio of the number of resistant to susceptible was 3:1.  
The X2 value was 0.1872 and p-values ranged from 0.50 to 0.75 (Table 3.1).  Also, 485 out of 643 
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progeny were resistant to hygromycin B and 158 progeny were susceptible to hygromycin.  The ratio 
of resistance to susceptible progeny was also 3:1.  The X2 value was 0.0627 and p-values ranged from 
0.75 to 0.90 (Table 3.2).  This indicated that both resistances were controlled by independently 
segregating dominant genes.  The analysis for segregation of both the bar and hpt genes indicated that 
there were four patterns in the F2 population for this cross.  Two of them showed the original parent 
types, and the other two were new patterns.  First, 484 of 643 plants were resistant to both Liberty and 
hygromycin, the same result given by crossing with transgenic plant N-84-1.  Also, 155 of 643 
progeny were susceptible to both Liberty and hygromycin B (Table 3.3.).  The two parental types 
represented 99.4% of the F2 progeny.  There was one plant resistant to Liberty but susceptible to 
hygromycin, and three plants were susceptible to Liberty but resistant to hygromycin (Table 3.3 and 
Figure 3.9).  The two new types only represented only 0.62% of the F2 progeny.  This indicated that 
the bar and hpt genes were tightly linked, as there was less than a 1 % chance for gene crossing over 
or gene silencing to occur.  The reciprocal cross N-84-1 x Nipponbare gave the same results as the 
cross of Nipponbare x N-84-1 (Table 3.3 and Figure 3.9). 
Table 3.3.  Distribution of bar and hpt genes in the F2 populations from the crosses between the 











plants R to 
LH and S3 to 
HY 
Number of 
plants S to 
LH and R to 
HY 
Number of 
plants S to 






Taipei 309 x T-26-D 486 6 7 181 680 
T-26-D x Taipei 309 512 7 6 188 713 
Taipei 309 x T-64 570 7 5 171 753 
T-64 x Taipei 309 486 4 6 159 655 
NPB x N-84-1 484 1 3 155 643 
N-84-1 x NPB 551 3 2 187 743 
NPB x N-84-3 441 2 1 121 565 
N-84-3 x NPB 623 2 2 191 818 
1 NPB refers to Nipponbare. 
2 R refers to plants’ resistance to Liberty herbicide or hygromycin B or both Liberty herbicide and 
hygromycin B. 
3 S refers to plant susceptible to Liberty herbicide or hygromycin B or both Liberty herbicide and 
hygromycin B. 
4 LH refers to Liberty herbicide and HY refers to hygromycin B. 
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 The transgenic plant N-84-3 came from the same transformation event as N-84-1, but this 
plant was regenerated from a different callus.  Its reciprocal crosses with Nipponbare showed similar 
results to the reciprocal crosses between N-84-1 and Nipponbare.  Separate analyses for the bar or hpt 
genes showed a ratio for resistant plants to susceptible plants of 3:1.  The X2 values ranged from 
0.8632 to 3.4980 and p-values ranged between 0.05 and 0.50 (Table 3.1 and Table 3.2).  These results 
also indicated that the resistance genes for hygromycin B or for Liberty were controlled by single, 
















NPB/N-84-1 N-84-1/NPB NPB/N-84-3 N-84-3/NPB
Crosses
 
Figure 3.9.  Segregation and distribution of bar and hpt genes in the F2 populations using 
Nipponbare to reciprocally cross with N-84-1 and N-84-3. For each cross, the first column 
represents the number of plants resistant to both Liberty herbicide and hygromycin B; second 
one represents the number of plants resistant to Liberty herbicide but susceptible to 
hygromycin B; third one represents the number of plants susceptible to Liberty herbicide but 
resistant to hygromycin B; the last one represents the number of plants susceptible to both 
Liberty herbicide and hygromycin B. 
 
The analysis for both bar and hpt genes indicated that two parent types and two new segregation types 
occurred, as in the other crosses.  However, the parental types represented most of the plants in the F2 
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populations (99.5%).  The two new segregation patterns only occurred in a few of the plants (0.5%).  
This indicated that both the bar gene and the hpt gene were closely linked.  There was a very low rate 
of crossing-over or gene silencing.  
3.3.2.2 Demonstrating the Presence of the Hpt Gene in Progeny from the F2 Populations Showing 
Resistance to Liberty and Susceptibility to Hygromycin B Using the PCR Method.  PCR analysis 
for the hpt genes in marked plants identified as susceptible to hygromycin B from crosses Taipei 309 x 
T-26-D, N-84-3 x Nipponbare, Nipponbare x N-84-3, N-84-1 x Nipponbare, and Nipponbare x N-84-1 
using the hpt gene primer indicated that the hpt gene was present in these plants (Figure 3.10 and 
Figure 3.11).  However, their phenotype showed that they were susceptible to hygromycin B.  This 
suggested that the hpt gene was silenced and no longer expressing.  The results from the other crosses 
were not clear. Further work will be conducted in the future. 
 

















Figure 3.10.  PCR test for hpt gene on progeny from the cross of Taipei 309 X the transgenic 
plant T-26-D.  “M” refers to 1 Kb DNA molecular step ladder.  Lane 1 is the positive control 
from the pBSL21 plasmid.  Line 2 contains DNA from T-26-D.  Lanes 3 to 6 contain DNA 
from four progeny exhibiting the new phenotype which was resistant to Liberty and 






























Figure 3.11.  PCR test for the hpt gene in progeny from the crosses Nipponbare x transgenic 
plant N-84-3, N-84-3 x Nipponbare, and N-84-1 x Nipponbare.  “M” refers to the 1 Kb DNA 
molecular step ladder.  Lane 1 is the positive control from plasmid pBSL21.  Lane 2 is the 
positive control from N-84-3.  Lanes 3 and 4 are DNA from two F2 progeny from the cross N-
84-1 x Nipponbare.  Lane 5 refers to DNA from one plant from Nipponbare x N-84-1 cross.  
Lines 6 and 7 contains DNA from two plants from the cross N-84-3 x Nipponbare.  Lines 8 
and 9 refer to two plants from the F2 population from the cross Nipponbare x N-84-3.  Line 10 
contains DNA from N-84-3.  Lane 11 is the negative control.  
 
3.3.2.3 Confirmation of Segregation Ratios in the F3 Populations from Crosses of the Parent 
Varieties with Transgenic plants.  In the F3 populations, only the segregation of Liberty resistance 
was identified by rows.  With the cross Taipei 309 x T-26-D, 14 out of 38 F3 rows showed no 
segregation, and 24 rows were segregating.  The ratio of heterozygous lines to homozygous lines was 
2:1.  The X2 value was 0.2105, and p-values ranged from 0.50 to 0.75 (Table 3.4).  For the reciprocal 
cross, T-26-D x Taipei 309, 19 of 62 rows were homozygous, and 43 rows were segregating.  The 
ratio of heterozygous rows to homozygous rows was 2:1.  The X2 value was 0.2016, and p-values 
ranged from 0.50 to 0.75 (Table 3.4).  Both X2 values were very low, confirming that resistance to 




Table 3.4.  Segregation identification of resistance to Liberty herbicide in F3 generation harvested 









lines ( S ) 
Ratio 






Taipei 309 x T-26-D 14 24 1:2 0.2105 0.50—0.75 
T-26-D x Taipei 309 19 43 1:2 0.2016 0.50 – 0.75 
Taipei 309 x T-64 28 54 1:2 0.0244 0.75 – 0.90 
T-64 x Taipei 309 16 18 1:2 2.8824 0.05 – 0.10 
NPB x N-84-1 28 53 1:2 0.0555 0.25 – 0.50 
N-84-1 x NPB 22 53 1:2 0.5400 0.25—0.50 
NPB x N-84-3 17 31 1:2 0.0938 0.75 – 0.90 
N-84-3 x NPB 13 17 1:2 1.3500 0.10 – 0.25 
1 NPB refers to the Japonica rice cultivar Nipponbare. 
2 X2 0.05,1=3.84146, X2 0.01, 1= 6.6349 
The ratio of non-segregating lines to segregating lines in the F3 generation of reciprocal 
crosses between the transgenic plant T-64 and Taipei 309 was the same as those for the T-26-D 
crosses.  Altogether, 28 rows of 82 F3 rows did not segregate in the cross Taipei 309 x T-64, but 54 
rows were segregating.  In the reciprocal cross, 16 of 34 rows were segregating and 18 rows did not 
segregate.  The values of X2 for these two crosses varied from 0.0244 to 2.8824 and p-values ranged 
from 0.05 to 0.90 (Table 3.4).  This confirmed that there was a single dominant gene controlling 
Liberty resistance in transgenic plant T-64. 
Transgenic plants N-84-1 and N-84-3, which came from the same transformation event, but 
different calli, had the same 1:2 ratio (homozygous to heterozygous) in the F3 generations of their 
reciprocal crosses.  The value of X2 ranged from 0.0555 to 1.3500 and p-values ranged from 0.10 to 
0.90 (Table 3.4).  This confirmed that the Liberty resistance gene inserted into these two plants was 
expressed as a single dominant gene. 
3.3.2.4 Allelic Analysis of the Four Transgenic Plants T-26-D, T-64, N-84-1, and N-84-3 for the 
Bar Gene.  No susceptible plants were found in a total of 116 plants in F2 populations from the 
reciprocal crosses between T-26-D and T-64 (Table 3.5).  This indicated that the Liberty resistance 
genes (bar) inserted into both the T-26-D and T-64 plants were allelic.  All 74 F3 rows from reciprocal 
crosses of T-26-D and T-64 were homozygous (Table 3.6).  This was further evidence that the genes 
in these transgenic plants were allelic. 
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All 264 F2 progeny from the reciprocal crosses of N-84-1 x N-84-3 were resistant to Liberty.  
There were no susceptible plants segregating in the F2 populations (Table 3.5).  Based on the above 
results and the fact that both plants came from the same transformation event, it was probable that 
transgenic plants N-84-1 and N-84-3 were genetically the same.  Transgenic plant N-84 can be used to 
represent both of these materials in further studies.   
The F2 population from cross T-26-D x N-84-1 had 50 plants out of 55 plants that were 
resistant to Liberty.  Only five plants were sensitive to Liberty.  The ratio of resistant plants to 
susceptible plants was 15:1.  The X2 value for this fitness was 0.7575 and p-values ranged between 
0.10 and 0.25 (Table 3.5).  This indicated that the resistance genes (bar) in the transgenic T-26-D and 
N-84-1 plants were non-allelic.  A second cross, T-64 x N-84-1, had 60 of 67 plants that were resistant 
to Liberty and seven plants were susceptible to Liberty.  The ratio of resistant plants to susceptible 
plants was 15:1.  The X2 value for fitness was 2.0151, and p-values ranged between 0.10 and 0.25 
(Table 3.5).  This cross showed the same ratio for segregation of the two genes as the cross between T-
26-D and N-84. 
Table 3.5.  Distribution of genes in the F2 populations from crosses among four transgenic rice 





resistant plants  
( R )  
Number of 
susceptible 
plants ( S ) 
Actual ratio 
(R to S ) 
Expected 
ratio  







T-26-D x T-64 80 0 ---- ----- ----- ----- 
T-64 x T-26-D 36 0 ---- ----- ----- ----- 
N-84-1 x N-84-3 264 0 ---- ----- ----- ----- 
T-26-D x N-84-1 50 5 10 :1 15 : 1 0.7575 0.10 -- 0.25  
T-64 x N-84-1 60 7 9:1 15 : 1 2.0151 0.10 – 0.25 
 
Evaluation of segregation among progeny rows in the F3 generation from the cross T-26-D x 
N-84-1, showed that 22 of 45 progeny rows were homozygous and 23 were heterozygous for the bar 
gene.  The ratio of homozygous rows to heterozygous rows was 7:8.  The X2 value was 0.0896 and p-
values ranged between 0.75 and 0.90 (Table 3.6).  This confirmed that the bar gene in the F2 
population from the cross T-26-D x N-84-1 segregated like two independent genes.  For the cross T-64 
x N-84, 30 progeny rows of 59 tested were homozygous and 29 were heterozygous, giving a 7:8 ratio.  
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The X2 value was 0.4143 and p-values ranged between 0.50 and 0.75 (Table 3.6).  Segregation of both 
crosses confirmed that the bar genes in transgenic plants T-26-D and N-84-1, or T-64 and N-84-1 
were non-allelic. 
Table 3.6.  Segregation identification of lines resistant to Liberty herbicide in F3 generation 



















T-26-D x T-64 42 0 ------ 0 ----- 
T-64 x T-26-D 32 0 ----- 0 ----- 
T-26-D x N-84-1 22 23 7 : 8 0.0896 0.75 – 0.90 
T-64 x N-84-1 30 29 7 : 8 0.4143 0.50 – 0.75 
 
 
3.3.3 Relationships between Bar and Hpt Genes and Selection for Transgenic Plants without the 
Hpt Gene 
 
 It was assumed that the bar and hpt genes were closely linked based on the map of the 
plasmid pBSL 21 (Figure 1.3).  The chance of breaking their linkage was therefore likely to be very 
low. 
3.3.3.1 Identification of Plants Susceptible to Hygromycin (hpt) and Resistant to Liberty (bar) 
from Rice Plants Transformed Simultaneously with both Genes.  A total of 114 plants, which were 
identified as resistant to Liberty herbicide and susceptible to hygromycin B, were identified from over 
6,000 transgenic plants in 1996.  After that, all of the plants were planted as panicle rows in the field at 
the Rice Research Station in Crowley, LA., and retested using Liberty and hygromycin B solutions for 
several years.  The same Liberty rate and hygromycin concentration was used each year in these field 
tests.  The results from the 1998 hygromycin field test indicated that nine of 114 rows from the 
original plants recovered their resistance to hygromycin B.  The rest of the plants still maintained their 
susceptibility.  Another 11 rows, out of the remaining 105, developed a resistant reaction to 
hygromycin B in the field in both the 1999 and 2000 tests.  This suggested that the hpt gene was 
present in these plants, but silenced. 
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The leaves from four of the 114 plants were tested using southern blot in 1998.  The results 
indicated that all four plants had both the bar and hpt genes, although the hpt gene was not expressing 
(Figure 3.12 and Figure 3.13). 
 
Figure 3.12.  Southern blot test for the bar gene in plants identified from progeny of 
transgenic plants with the bar and hpt genes.  Lane 1 is the negative control.  Lane 2 contains 
positive control from pBSL21. Lanes 3 to 7 contain DNA from plants identified as resistant to 
Liberty and susceptible to hygromycin B. 
 
Further tests showed that six of 114 plants lacked the hpt gene according to both the PCR and 
Southern blot tests (Figure 3.14, Figure 3.15, Figure 3.16, and Figure 3.17).  Plants 950025 (lane 12), 
950021 (lane 14), and 950019 (lane 15) showed a negative reaction after evaluation of their DNA by 
PCR (Figure 3.14).  Plants 950079 (lane 5), 950061 (lane 7), and 950059 (lane 8) also showed a 
negative reaction after gene amplification (Figure 3.16).  The rest of the plants tested did show DNA 
fragments after gene amplification (Figure 3.14, Figure 3.15, and Figure 3.16).  The DNA from plants 
950019, 950021, 950025, 950059, 950061, and 960079 were used to perform DNA hybridization 
using southern blot technology.  No hpt gene band was detected from these plants (Figure 3.17).  This 




Figure 3.13.  Southern blot test for the hpt gene in the progeny of transgenic plants 
transformed with the bar and hpt genes.  Lane 1 is the negative control.  Lane 2 is the positive 
control.  Lanes 3 to 7 contain the DNA from plants identified as resistance to Liberty, but 




Figure 3.14.  Results from PCR analysis for the hpt gene in transgenic rice plants identified to 
be resistant to Liberty and susceptible to hygromycin B.  “M” refers to the 1 Kb DNA 
molecular step ladder.  Lane 1 is the positive control.  Lanes 2 to 18 refer to lines 95091, 
95089, 95087, 95071, 95041, 95039, 95037, 95033, 95027, 95025, 95023, 95021, 95019, 
95017, 95015, 95013, and 95009, respectively.  Lane 19 was the negative control.  Lanes 






Figure 3.15.  Results from PCR analysis for the hpt gene in transgenic rice plants identified to 
be resistance to Liberty and susceptible to hygromycin B.  “M” contains 1 Kb DNA molecular 
step ladder.  Lane 1 is the positive control.  Lanes 2 to 14 refer to lines 95127, 95125, 95123, 
95121, 95119, 95117, 95115, 95113, 95109, 95107, 95105, and 95101, respectively.  Lane 15 
contains DNA from non-transgenic Taipei 309.  Lane 16 is the negative control.  All of the 






Figure 3.16.  PCR analysis for the hpt gene in transgenic rice lines identified as resistant to 
Liberty and susceptible to hygromycin B.  “M” contains 1 Kb DNA molecular step ladder.  
Lane 1 is the positive control.  Lanes 2 to 14 contain DNA from transgenic lines 95085, 
95001, 95083, 95081, 95079, 95077, 95061, 95059, 95053, 95013, 95011, 95007, 95005, and 




Figure 3.17.  Southern blot analysis for the hpt gene in transgenic rice plants resistant to 
Liberty and susceptible to hygromycin B.  Lane1 is the negative control.  Lanes 2 through 7 
contain DNA from the transgenic rice lines 950019, 950021, 950025, 950059, 950061, and 
950079, respectively.  Line 8 is the positive control. 
 
transformation, although the selective marker gene hpt was used in our gene transformations and for 
selection of transformed calli and plants in culture. 
3.3.2 Lines Selected from Repeated Backcrosses to Transfer the Bar Gene to Commercial 
Varieties from Transgenic Plants 
 
 Five plants selected during the backcrossing process, W81007, W81008, W81010, W81013, 
and W83034, were found to be sensitive to hygromycin B and resistant to Liberty in the BC3 and BC4 
generations in a greenhouse test conducted in the spring of 1998 (Figure 3.18).  Seeds harvested from 
these plants have been planted in the field and tested using hygromycin B solution since 1999.  The 
data from 3 years of field and greenhouse tests indicated that progeny of two out of the five plants 
recovered their hygromycin resistance, and progeny of three of the original five plants still maintain 




Figure 3.18.  Several progeny from crosses made to transfer the bar gene to varieties from 
transgenic plants were identified as resistant to Liberty and susceptible to hygromycin B from 
the third repeated backcrosses in the greenhouse in the spring of 1999.  Plants in the left pot 
were non-transgenic rice, which were susceptible to hygromycin B (white arrow).  Plants in 
the right pot were resistant to hygromycin (white arrow).  Plant in the middle pot was found to 








Figure 3.19.  Susceptible symptom on the leaves of the plants selected from the repeated 
backcrosses in the field in 2001.  Plants on the left (white arrow) died after Liberty 
application.  The lesion on the right surviving plants (white arrows) that were resistant to 



























Table 3.7.  Lesion lengths of hygromycin B reactions on susceptible plants found in the repeated 















1999 14.0 ± 3.1 19.0± 3.2 17.0 ± 4.9 33.0 ± 4.6 37.0 ± 3.2 35.0 ± 4.9 2.0 ± 1.1 
2000 8.0± 1.5 22.0± 3.2 8.0 ± 1.5 37.0 ± 7.4 32.0± 3.5 43.0 ± 3.1 4.0 ± 1.0 
2001 5.0 ± 1.0 28.6± 2.1 5.0 ± 1.0 35.0 ± 6.2 42.0 ± 3.8 41.0± 3.0 3.0 ± 1.0 
1 The data is the mean lesion length plus the standard deviation. Data for 1999 came from a  
greenhouse test. 
2 Control 1 refers to the mean lesion length on susceptible, non-transgenic Nipponbare plants to 
hygromycin B solution plus the standard deviation. 
3 Control 2 refers to the mean lesion length of transgenic Nipponbare plants resistant to hygromycin B 
plus the standard deviation. 
 
 Southern blot analysis for the bar gene indicated that all of these plants contained the bar gene 




Figure 3.20.  Results from southern blot analysis for the bar gene from transgenic rice plants 
obtained in a backcrossing program.  Lanes 1 and 2 are the negative controls.  Lanes 3 through 
8 contain DNA from transgenic plants W81007, W81008, S10157, W81010, W81013, and 
W83034.  Lanes 9 and 10 are positive controls.  
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Figure 3.21.  PCR analysis for the hpt gene in transgenic rice plants from a backcrossing 
program. “M” is the 1 Kb DNA molecular step ladder.  Lane 1 was the positive control.  Lanes 
2 through 6 contain five plants with resistance to both hygromycin and Liberty herbicide from 
the same backcrosses.  Lanes 7 to 11 contain W83034, W81010, W81013, W81008, W81007 




Figure. 3.22. Southern blot analysis for the hpt gene in transgenic rice plants.  Lanes  
1and 2 were negative controls.  Lanes 3 and 4 were plants resistant to both Liberty and 
hygromycin B.  Lanes 5 to 9 contain transgenic progeny W83034, W81010, W81013, 
W81008, and W81007, respectively.  Lane 10 was the positive control. 
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Further PCR and southern blot analyses for the hpt gene indicated that the gene was present in 
these plants (Figure 3.21 and Figure 2.22).  However, based on field tests, W81008, W81013, and 
W83034 showed a susceptible reaction to hygromycin B solution.  The hpt gene apparently was 




3.4.1 Procedure and Rating Scale for Determining the Reaction of Transformed Plants to 
Liberty Herbicide 
 
Development of consistent and standard methods for determining and quantifying resistance 
or susceptibility to Liberty and hygromycin B was critical for our research.  It was necessary to 
differentiate the reaction to Liberty or hygromycin B among transformed plants because of 
complications arising during gene transformation and utilization of transgenic plants.  Examples 
would include partial expression of a gene, silencing of a gene, expression of a previously silenced 
gene and having a non-lethal method of testing plants for gene expression of resistance or 
susceptibility to these toxic chemicals.  Also, having non-lethal testing methods allowed us to test 
progeny from crosses for resistance or susceptibility without sacrificing the plants.  Testing methods 
and quantifying methods were developed as a result of this research.  These methods were then used 
successfully in selecting materials highly resistant to Liberty herbicide before crossing or backcrossing 
throughout our research.  
3.4.2 Inheritance Studies on the Bar and Hpt Genes in the Progenies of Transgenic Taipei 309 
and Nipponbare Plants 
 
Many reports concerning the inheritance of the transgenes in plants have been published 
(Aragao et al., 1996; Boutsalis et al., 1995; Huang et al., 1999; and Peng et al., 1995).  However, most 
of them just analyzed the segregation of progeny from the transformed heterozygous transgenic plants 
and they only studied the target gene in the transgenic plants (Aragao et al., 1996; Peng et al., 1995).  
Those studies are restricted in their usefulness.  A more thorough study would involve developing 
homozygous transgenic progeny from the initial transformed plant for use in inheritance studies.  The 
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homozygous plants should be crossed back to the non-transformed cultivar from which the transgenic 
plant was developed.  In addition, other genes from the plasmid DNA used should also be included in 
the inheritance studies, to identify interactions among the genes and to look for loss of non-essential 
genes to make the transgenic plants more valuable in breeding programs.  This was accomplished in 
the research reported here.  Homozygous transgenic progeny were identified from R3 generation after 
selfing and these plants were used in inheritance studies by crossing them back to their corresponding 
non-transgenic Taipei 309 and Nipponbare parents.  Both the target gene (bar) and selective marker 
gene (hpt) were evaluated together on our research to determine their mode-of-inheritance.  The results 
based on parents, F1, F2, and F3 generations reactions indicated that the Liberty and hygromycin 
resistance genes in transgenic T-26-D, T-64, and N-84 were controlled by separate single dominant 
genes. The bar and hpt genes were closely linked, and less than 2% of progeny exhibited 
characteristics different from the original parent types.  These new type phenotypes were confirmed to 
be caused by gene silencing, not by gene crossing-over, through PCR and southern blot analysis. 
3.4.3 Relationships between the Bar and Hpt Genes in the Progenies of Transgenic Taipei 309 
and Nipponbare Plants 
 
The phenomenon, known as “gene silencing”, has been studied extensively in transgenic 
plants (Alvarez et al., 2000; Demeke et al., 1999; Matzke et al., 1995; Meyer et al., 1995, and Stam et 
al., 1997).  In rice, silenced transgenes could be reactivated by treatment with 5-azacytidine in some 
specific cases, suggesting methylation of cytosine residues (Kohli et al., 1999).  The silent phenotype 
was inheritable and could not be reversed by treatment with 5-azacytindine (Chareonopornwattana et 
al., 1999).   
A total of 114 plants, susceptible to hygromycin but resistance to Liberty herbicide, based on 
their phenotype, were found in our research.  Progeny of 30 of the 114 plants selected from more than 
6,000 plants later regained their ability to express the hygromycin resistance gene after being replanted 
for several generations.  In progeny of six of the114 plants (5.3%) no hpt gene was found by PCR 
analysis, and this result was confirmed by southern blot tests using DNA isolated from these six 
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plants.  In more than 100 of these plants the hpt gene was present, even though they were susceptible 
to hygromycin in field tests, indicating that the gene was silenced.  This research demonstrated that it 
was possible to obtain transformed plants that have lost the selective marker gene by using 
conventional breeding procedures accompanied by intensive screening of progeny. 
It was difficult to break the linkage between the bar and hpt genes incorporated into transgenic 
plants in the same plasmid DNA.  Five plants were found, from more than 1,500 plants screened, 
among the F2 progeny of the third or fourth repeated backcrosses between varieties and transgenic 
plants that were sensitive to hygromycin B solution, but resistant to Liberty herbicide.  Progeny from 
two of the plants regained their ability to express the hpt gene after selfing for 2 years.  Progeny from 
three of the hygromycin B sensitive plants continued to show susceptible reactions after several years 
of selfing.  PCR and southern blot analysis showed that the hpt gene existed in these plants and did not 
express.  This research demonstrated conclusively that simply screening for loss of gene expression 
does not ensure that a transgenic plant that has lost one or more of its initial transgenes, which will be 



























ALLELIC ANALYSIS FOR BAR GENE FROM DIFFERENT 




Gene transformation is a technique for transferring a foreign gene into one organism from 
another organism.  The difference between gene transformation and conventional crop breeding 
methods is that gene transformation can not only transfer the targeted foreign gene among individuals 
of the species from which it was derived, but can also transfer the gene from a totally different donor 
genus into the target species.  This overcomes the traditional crossing barriers among genera and 
species.  It would be useful to use gene transformation for breeding rice, especially for traits that don’t 
exist or are hard to find in Oryzae sativa.  Examples would include resistance to certain diseases, 
insects, or herbicide resistance. 
With biolistic transformation, plasmid DNA with the target gene is coated onto gold particles 
and shot into plant tissue under high pressure.  The gold particles are randomly bombarded into the 
plant tissue.  Direct gene transfer systems often produce fragmented and rearranged multiple 
transgenic integrations at a single genetic locus, because the transgene locus is considered to be 
hemizygous in the primary transformant (Pawlowski et al., 1996; Christou, 1997).  It is believed that 
the target gene will be randomly inserted and expressed inside the cells and regenerated plants (Kohel 
et al., 2000).  The integration patterns of the introduced genes vary in each transformed plant that is 
generated by use of biolistics.  The lack of direct correlation between the copy number and the activity 
conferred by the gene may be due to the position effect induced at the site of insertion in the host 
genome.  The number of insertions into the host genome, as well as the activity of the introduced gene, 
is much higher in cultured cells compared to organized tissue (Chibbar et al., 1994).  Unfortunately 
there has been little research to support these theories. It is possible that if the foreign gene was 
inserted into the wrong places, e.g. inserted in the middle of a gene fragment, the gene could become 
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silent and might not express.  Other factors may also affect the expression or the location of inserted 
genes.   
 4.2 Materials and Methods 
4.2.1 Using the Bar Gene as an Example, Model Genetic Analyses will be Developed to Explain 
the Allelic Relationships of the Bar gene in Different Transformation Events 
 
 The symbols “A” and “a” will be used to demonstrate the expected ratios when different 
numbers of the bar gene are expressed in transformed plants and these transformed plants are crossed 
with each other. This will simplify explanations of the actual relationships among transgenes in 
crossed transgenic plants. The objective of this research is to determine if transgenes are inserted 
randomly or at restricted sites. 
4.2.2 Allelic Analysis of Seven Transformed Taipei 309 and Nipponbare Plants 
 
The purpose of this study was to examine the relationships among the inserted genes using 
different transformation events from Taipei 309 and Nipponbare, and to determine whether functional 
foreign gene(s) are randomly or restrictively inserted into the rice chromosome during transformation.  
Plant materials included six transgenic lines: T-28, T-28-E, T-28-W, T-64-D, and  
T-64 generated by Dr. Xie and produced by transforming Taipei 309 with the pBSL21 plasmid, which 
carried the bar gene for resistance to Liberty herbicide and the hpt gene for resistance to the antibiotic 
hygromycin B (Xie et al., 1995).  Each plant was from a different transformation event and each plant 
had different agronomic characteristics, due to clonal variation from tissue culture or from gene 
interaction between the foreign genes and the rice genes, when compared with non-transgenic Taipei 
309.  The transformed Taipei 309 plants and another transgenic plant, N-84, derived by Dr. Xie 
through transformation of Nipponbare with the pBSL21 plasmid, were found to be homozygous 
through selfing in greenhouse and field tests during 1996 through 1997.  All of these transformants 
were developed in the Rice Pathology Laboratory at Louisiana State University.  Reciprocal crosses 
among these plants were made during 1997 through 1998.  A sample of seeds from each F1 plant was 
planted in the greenhouse during the winter of 1997-1998.  The F1 plants were tested with 363 ppm 
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formulated Liberty herbicide by spraying the surface of leaves at the 4-leaf stage to determine if they 
were resistant or susceptible to Liberty.  The rest of the F1 seeds were germinated, planted in the 
greenhouse, and transplanted at the 5-leaf-stage into the field at the Rice Research Station in Crowley, 
LA.  The parents and F2 populations, grown from seeds harvested from the F1 plants, were planted in 
the field by Hege planter during the 1998 growing season at the Rice Research Station in Crowley, 
LA. Normal field practices were followed to grow the plants.  Liberty was sprayed over the plants at 
2.10 kg a. i. / ha 50 days after planting.  Data on response to the herbicide were collected seven days 
after the Liberty application. 
 Panicles were randomly collected from 50 resistant F2 plants from each cross and seeds were 
planted in the field with a Hege planter in the 1999 growing season at the Rice Research Station  to 
give 50 panicle derived F3 lines.  The same rate of Liberty was sprayed over the plants to determine if 
the F3 lines were homozygous or heterozygous.  Data were collected seven days after spraying Liberty.  
Non-segregating lines were considered homozygous and lines segregating for resistance and 
susceptibility were considered heterozygous. 
 Based on the Liberty resistance/susceptibility data from parents, F1 plants, distribution of 
resistance in the F2 populations, and the number of homozygous or heterozygous lines in the F3 
populations from each cross, the pairs of inserted genes from the transgenic plants were determined 
and fitness tests using SAS programs (SAS Institute, 2000) were conducted. 
4.2.3 Allelic Analysis of Crosses among the Previous Seven Transformed Plants with an 
Additional 20 Transgenic Plants from Different Transformation Events 
 
 When plant tissues are bombarded with foreign genes in plasmid DNA coating gold particles, 
genes may be inserted into the plant chromosomes.  Kohel et al. (2000) thought that transformation 
was a random event, with each gene inserted at a unique location with transformation via 
Agrobacterium tumefaciens.  From our studies of seven rice plants transformed with the bar gene by 
biolistics, there were at least five insertion locations.  The limitation of the above study was that only 
seven transformed plants were used.  The results suggested that insertion was random.  We considered 
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the number of transformed plants to be too small to be definitive.  So, 20 additional plants were 
transformed with the bar gene, as separate transformation events, and crosses were made with these 
plants and the previous seven transformed plants, and the allelic relationships among the bar genes in 
all of the transformed plants was elucidated. 
 An additional 20 rice plants, transformed with the bar gene by biolistics in different 
transformation events, were developed in the Rice Pathology Laboratory, Louisiana State University.  
These plants were found to be resistant and homozygous after treating them with Liberty in the 
greenhouse and field during 1997 –1998.  In greenhouse tests, 363 ppm Liberty herbicide was sprayed 
on the leaf surfaces of these plants at the 5-leaf stage.  Observations on damage to the plants began 3 
days after treatment.  Progenies from seeds from the 20 transformed plants were planted in the field at 
the Rice Research Station in Crowley, LA in 1999.  Liberty herbicide at 2.10 lbs /ha a.i. was applied to 
the plants in the field 50 days after planting.  Observations on damage to the plants were made seven 
days later. 
 The 20 homozygous resistant transgenic plants were crossed with the above seven tested 
transgenic plants during 1998 –1999.  A total of 128 crosses (more than three seeds from each cross) 
were made among these materials.  Thirteen crosses did not germinate or produce enough seeds from 
F1 plants.  Seed from 115 crosses germinated and provided enough seeds from F1 plants in the 
greenhouse during the winter of 1999.  An aliquot of the seeds harvested from F1 crosses was planted 
in the field at the Rice Research Station in Crowley, LA using a Hege planter in the 2000 rice-growing 
season.  The same rate of Liberty was used to spray the F2 population 50 days after planting. 
Observations on damage were made 7 days after the Liberty application.  The rest of the seeds 
harvested from F1s from the crosses were planted in the greenhouse.  Liberty in solution at 363 ppm 
was applied 2 weeks after planting.  The number of dying and surviving seedlings was recorded 5 days 
after the Liberty application (Figure 4.1). 
Fifty to 80 panicles were randomly selected from each F2 population after the plants matured. 
Each line harvested from the F2 populations for each cross was planted during the winter of 2000 into 
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one pot in the greenhouse to identify segregating and non-segregating lines.  Liberty herbicide at 363 
ppm was sprayed 2 weeks after planting in the greenhouse.  The identification of homozygous or 
heterozygous lines was made 4 days after the Liberty application (Figure 4.2).  All of the data were 
























Figure 4.1.  Segregation of the bar gene in F2 populations from crosses among transformed 
plants after spraying plants with 363 ppm Liberty herbicide 2 weeks after planting. 
 
4.3 Results and Analyses 
 
4.3.1 Inheritance-models for Potential Gene Segregation Based on Parents, F1, F2, and F3 
Generations Using Transgenes 
 
 To understand the results of the inheritance studies, the theoretical gamete formation and 
segregation based on transformation of and crossing of the seven plants will be outlined in the sections 























Figure 4.2.  Identification of F3 lines from single panicles collected from F2 populations from 
crosses among transgenic plants with the bar gene.  A solution of 363 ppm Liberty herbicide 
was applied by spraying 2 weeks after planting in the greenhouse.  Left pot: heterozygous line 
with dead plants; right pot: homozygous line with all plants undamaged by the herbicide. 
 
4.3.1.1 Two Genes Inserted into Separate Plants -Genes are Allelic.  Assume two genes A1 and A2, 
which determine resistance to Liberty, are inserted separately into the same location on a rice 
chromosome in two different transformation events in different plants.  They are allelic. For the 
genotype for the homozygous female (P1), is A1A1.  The genotype for the homozygous male (P2), is 
A2A2. 
 When P1 is crossed with P2, that is A1A1 x A2A2, the F1 genotype is A1A2.  If the F1 plant is 
self-pollinated, it can produce both A1and A2 gametes.  There are four possible gene combinations, 
which produce three genotypes: A1A1, A1A2, and A2A2 in a 1:2:1 ratio.  There should be no 
segregation for susceptible plants in the F2 and F3 populations. 
4.3.1.2 Two Genes Inserted into Two Different Plants: Genes are Non-allelic:  Assume two genes 
A1 and A2, which condition resistance to Liberty, are inserted separately at different locations on a rice 
chromosome in two different transformation events.  The alleles a1 and a2 determine susceptibility to 
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Liberty. Both A1 and A2 are non-allelic.  The homozygous female (P1), genotype is A1A1a2a2. The 
homozygous male (P2), genotype is a1a1A2A2.  
When the female (P1) is crossed with the male (P2), that is A1A1a2 a2 x a1a1A2A2. The F1 
genotype is A1a1A2a2, which is resistant.  Four gametes, A1A2, A1a2, a1A2, and a1a2, are produced from 
the cross.  There are 16 possible gene combinations in the F2 population (Table 4.1.). 
Table 4.1.  The gametes, which are produced by selfed F1 plants, and the possible gene 
combinations in the F2 population when two inserted genes are involved in two different 
transformation events (plants) and both genes are non-allelic. 
Male gametes 
Gametes A1A2 A1a2 a1A2 a1a2 
A1A2 A1A1A2A2 A1A1A2a2 A1a1A2A2 A1a1A2a2 
A1a2 A1A1A2a2 A1A1a2a2 A1a1A2a2 A1a1a2a2 
a1A2 A1a1A2A2 A1a1A2a2 a1a1A2A2 a1a1A2a2 
Female 
gametes 
a1a2 A1a1A2a2 A1a1a2a2 a1a1A2a2 a1a1a2a2 
 
 There is only one genotype, a1a1a2a2, which is susceptible to Liberty in the F2 population.  All 
of the other 15 gene combinations, which contain at least one resistance gene, are resistant.  So, the 
ratio of the number of resistant to susceptible plants in the F2 population is 15:1. 
 Two types of lines, segregating or non-segregating, should be found among the F3 lines.  
The possible genotypes for non-segregating lines for one or both loci include A1A1A2A2, A1A1A2a2, 
A1A1a2a2, A1a1A2A2, and a1a1A2A2, that is 7 out of 15 combinations.  The possible genotypes for 
segregating lines include A1a1A2a2, A1a1a2a2, and a1a1A2a2, or 8 out of 15 combinations.  So, the ratio 
of non-segregating lines to segregating lines in the F3 population is 7:8. 
4.3.1.3 Three Genes are Inserted into Plants: Two Genes are Inserted into One Parent, and the 
Third Gene is in the Second Parent.  Assume two genes A1 and A2, which condition resistance to 
Liberty, are inserted into the same plant on a single chromosome from the same transformation event.  
A gene A3, which also confers resistance to Liberty, is inserted into a different location on the rice 
chromosome in a different transformation event.  The alleles a1, a2, and a3 confer susceptibility to 
Liberty.  Assume that the genotype of the homozygous female (P1) is A1A1A2A2a3a3, and the genotype 
of the homozygous male (P2) is a1a1 a2 a2A3A3. 
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4.3.1.4 The Two Genes Inserted into the Same Plant are Linked.  In this case, genes A1 and A2 are 
linked and in the female parent.  Because the genotype of the female is A1A1A2A2a3a3, the female 
produces A1A2a3 gametes and the male produces a1a2A3 gametes.  The genotype of the F1 is 
A1a1A2a2A3a3.  When the F1 produces gametes, A1A2 tend to stay together because they are closely 
linked on the same chromosome.  The F1 produces four types of gametes.  These gametes are A1A2A3, 
A1A2a3, a1a2A3, and a1a2a3.  There are a total of 16 gene combinations in the F2 population.  Among 
these combinations, only one genotype, a1a1a2a2a3a3, is susceptible to Liberty herbicide. The other 15 
gene combinations, which contain at least one resistance gene, show resistance to Liberty herbicide.  
So, the ratio of the number of resistant plants to the number of susceptible plants in the F2 population 
is 15:1.  It is the same as two genes inserted into plants with a non-allelic relationship (Table 4.2.). 
Table 4.2. The gametes, which are produced by selfed F1 plants used as female or male, and the 
possible gene combinations in the F2 population when three inserted genes are involved, with two of 
the inserted genes staying in one of the parents and linked together, and the third inserted genes in 
the second parent and was non-allelic with the first two genes. 
Male gametes  
Gametes A1A2A3 A1A2a3 a1a2A3 a1a2a3 
A1A2A3 A1A1A2A2 A3A3 A1A1A2a2A3 a3 A1a1A2A2A3 a3 A1a1A2a2A3a3 
A1A2a3 A1A1A2A2A3a2 A1A1a2a2a3a3 A1a1A2a2A3a3 A1a1a2a2a3a3 
a1a2A3 A1a1A2A2A3A3 A1a1A2a2A3a3 a1a1A2A2A3a3A3 a1a1A2a2A3a3  
Female gametes  
a1a2a3 A1a1A2a2A3a3 A1a1a2a2a3a3 a1a1A2a2A3a3 a1a1a2a2a3a3 
 
 Two genes inserted and linked together have the same function as one resistance gene inside 
the plant.  So, in the F3 generation, the ratio is the same as that where there are two resistance genes 
inserted into plants that have a non-allelic relationship.  That is the ratio of the number of non-
segregating lines to the number of segregating lines in the F3 population is 7:8. 
4.3.1.5 Two Genes are Inserted into the Same Plant and are Located at Different Locations 
among the Rice Chromosomes; the Third Gene is Inserted into a Second Plant and is Non-allelic 
with the First Two Inserted Genes.  Assume A1, A2, and A3 are three genes for resistance.  Genes A1 
and A2 are inserted into one plant, and they are not on the same chromosome.  A3 is inserted into 
another plant.  The alleles a1, a2, and a3 confer susceptibility to Liberty herbicide.  So, the genotype of 
the plant used as female is A1A1A2A2a3a3, and the genotype of the plant used as male is a1a1a2a2A3A3.  
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The genotype of the F1 is A1a1A2a2A3a3. Because the genes are completely independent, each F1 plant 
will produce eight gametes.  They are A1A2 A3, A1A2a3, A1a2A3, a1A2A3, A1a2a3, a1A2a3, a1a2A3, and 
a1a2a3.   There are 64 gene combinations in the F2 population (Table 4.3.).  Among those 64 gene 
combinations, only genotype a1a1a2a2a3a3 is susceptible to Liberty.  All of the other 63 genotypes 
contain at least one Liberty herbicide resistance gene, and are resistance to Liberty.  So, the ratio of the 
number of resistant plants to the number of susceptible plants in the F2 population is 63:1.  In the F3 
generation, if a genotype contains one or more pairs of homozygous genes, this line must have been 
harvested from non-segregating F2 plants.  Otherwise, if a genotype has no homozygous genes; the 
line will segregate in the F3 generation.  That means there will be segregation for some susceptible 
plants.  Based on this theory, the ratio of the number of non-segregating lines to the number of 
segregating lines is 37:26. 
Table 4.3.  The gametes, which are produced by selfed F1 plants used as female or male, and the 
possible gene combinations in the F2 population when three inserted genes are involved, and two 
inserted genes are in one of the parents and are located on different chromosomes, the third 
inserted gene is in the second parent and non-allelic with the first two. 
 Male gametes 




































































































































4.3.1.6 Four Genes are Inserted into Two Plants.  Assume four genes A1, A2, A3, and A4, which 
confer resistance to Liberty, are involved in the transformed plants.  The following can exist.  First, 
three of the four genes are inserted into one parent, and the fourth gene is inserted into the second 
parent. Second, two of these genes are inserted separately into one of the parents, and the other two 
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genes are inserted into the second parent.  Thus both of the parents contain two genes.  Their alleles a1, 
a2, a3, and a4 condition susceptibility to Liberty.  
4.3.1.6.1 One of the Genes is Inserted into One Parent, and the Other Three Genes are Inserted 
into the Second Parent.  When one out of the four foreign genes is inserted into one plant, and the 
other three genes are inserted into the second parent, there are three situations possible.  One is that all 
three genes are linked together on the same chromosome.  The second situation is two of the three 
genes are linked, but the third gene is located on different location on the chromosome.  The third 
situation is that all of the three genes are located at different locations on rice chromosomes.  
4.3.1.6.1.1 Three Resistance Genes are Inserted in One Parent, and They are Linked.  If three 
resistance genes are inserted in one parent and they are linked, they do not segregate when gametes 
form during meiosis.  All three genes produce the same phenotype, resistant.  If A1, A2, and A3 
resistance genes are linked and stay in the female parent (P1), its genotype is A1A1A2A2A3A3a4a4.   The 
resistance A4 gene is located in the other parent (P2).  So, P2’s genotype is a1a1a2a2a3a3A4A4.  After a 
cross is made, the genotype of the F1 is A1a1A2a2A3a3A4a4.  Only 4 gametes are produced, which are 
A1A2A3A4, A1A2A3a4, a1a2a3A4, and a1a2a3a4.  In the F2 population, there is only one gene combination, 
a1a2a3a4, which is susceptible.  The ratio of the number of resistant plants to the number of susceptible 
plants is 15:1.  In the F3 populations, the number of non-segregating lines to the number of segregating 
lines is 7:8.  They show the same ratio as that obtained from only two pairs of genes located in two 
different parents (Table 4.4). 
4.3.1.6.1.2.  Two of Three Inserted Genes are in the Same Plant, Located on the Same 
Chromosome, and are closely Linked; the Third Gene is Located on a Different Chromosome.  
The Fourth Gene was Transferred to a Second Plant and is Non-allelic with the First Three 
Genes.  Assume A1, A2, and A3 resistance genes are inserted into the female parent. A1 and A2 are 
located on the same chromosome and are linked, where as A3 is inserted into a different chromosome 
and is independent of A1 and A2.   
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Table 4.4. The gametes produced by selfed F1 plants, and the possible gene combinations in the F2 
population when three inserted genes are linked and located in one of the parents.  The forth inserted 
gene is located in the second parent and is non-allelic with the first three genes. 
Male gametes 




































The A4 gene is the fourth inserted gene and resides in the male parent (P2).  The alleles, a1, a2, a3, and a4, 
are the corresponding susceptibility genes.  The genotype for the female (P1) is A1A1A2A2A3A3a4a4.  
The genotype for P2 is a1a1a2a2a3a3A4A4.  When P1 is crosses with P2, the genotype of the F1 is 
A1a1A2a2A3a3A4a4.  The F1 plants produce eight gametes for F2 gene combinations.  Those gametes 
include A1A2A3A4, A1A2A3a4, A1A2a3A4, A1A2a3a4, a1a2A3A4, a1a2A3a4, a1a2a3A4, and a1a2a3a4.  When 
the F1 plants are self-pollinated, there are 64 gene combinations.  Only one genotype, a1a1a2a2a3a3a4a4, 
is susceptible, all the other 63 gene combinations contain at least one resistance gene, and are resistant.  
The ratio of resistant plants to susceptible plants in the F2 population is 63:1, which is the same as the 
ratio from the three inserted non-allelic genes without linkage.  The ratio of the number of non-
segregating lines to the number of segregating lines in the F3 population will be 37:26. 
4.3.1.6.1.3 Three Bar Genes are Inserted into One Plant and are Located on Different 
Chromosomes.  The Fourth Gene is Inserted into Another Plant and is Non-allelic to the Other 
Three Inserted Genes.  Genetically, this is the most complicated situation.  As above, the genotype 
for the female parent (P1) is A1A1A2A2A3A3 a4a4.  The A4 gene is located in the male parent (P2).  So, 
P2’s genotype is a1a1a2a2a3a3A4A4.  When P1 is crossed with P2, the genotype of the F1 is 
A1a1A2a2A3a3A4a4.   The F1 plants will produce 16 gametes.  Those gametes include A1A2A3A4, 
A1A2A3a4, A1A2a3A4, A1a2A3A4, a1A2A3A4, A1A2a3a4, A1a2a3A4, a1a2A3A4, a1A2A3a4, a1A2a3A4, 
A1a2A3a4, A1a2a3a4, a1A2a3a4, a1a2A3a4, a1a2a3A4, and a1a2a3a4.  A total of 256 different gene 
combinations are possible.  Among these gene combinations, only the genotype, a1a1a2a2a3a3a4a4, is 
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susceptible to Liberty. The other 255 genotypes, which contain at least one dominant gene, are 
resistant.  So, the ratio of resistant plants to susceptible plants is 255:1.  
If there is one or more homozygous gene pairs in the panicle rows harvested from the F2 plants, 
there will be no segregation in those rows in the F3.  Otherwise, the panicle rows will segregate in the 
F3 generation.  Based on this, the ratio of the number of the non-segregating rows to the number of 
segregating rows in the F3 should be 175:80. 
4.3.1.6.2 Each of the Parents Contains Two Inserted Genes.  When each of the transformed parents 
contains two inserted genes, there are three possible interactions.  First, the two genes in the same 
plants may be linked.  They function as two genes that are independently inserted into different 
parents.  Second, the two genes in one of the parents are linked, but the two genes on the second 
parent are independent.  Third, all of the four genes are completely independent. 
4.3.1.6.2.1 The Two Inserted Genes in Each Parent are Linked.  If two genes inserted into one 
parent are linked, these two genes will not segregate in their progeny.  They will function the same as 
one gene inserted into the parent.  If one of the two inserted genes from the female parent is allelic 
with one of two inserted genes in the male parent, no segregation occurs.  If they are non-allelic, the 
ratio of resistant plants to susceptible plants in the F2 population will be 15:1, and the ratio of non-
segregating lines to segregating lines in the F3 population is 7:8. 
4.1.6.2.2.  Two Inserted Genes in One Parent are Linked, and Two Genes Inserted into the 
Second Parent are Independent.  This gives the same result as that produced by three genes inserted 
into two different parents.  In the F2 population, the ratio of resistant plants to susceptible plants will 
be 63:1, and the ratio of non-segregating lines to segregating lines in the F3 population will be 37:26. 
4.3.1.6.2.3 Two Genes Inserted into Each Parent are Completely Independent.  This situation is 
similar to that in 4.1.2.5.1.3.  Assume genes A1 and A2 are inserted into different chromosomes in the 
same plant. Genes A3 and A4 are transferred into the second parent (P2).  The alleles a1, a2, a3, and a4 
refer to the corresponding susceptible genes.  Therefore, the genotype for the female (P1) is 
A1A A2A2a3a3a4a4.  The genotype for P2 is a1a1a2a2A3A3A4A4.  When P1 is crossed with P2, the 1
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genotype of the F1 is A1a1A2a2A3a3A4a4.  The F1 plants produce 16 gametes.  Those gametes include 
A1A2A3A4, A1A2A3a4, A1A2a3A4, A1a2A3A4, a1A2A3A4, A1A2a3a4, A1a2a3A4, a1a2A3A4, a1A2A3a4, 
a1A2a3A4, A1a2A3a4, A1a2a3a4, a1A2a3a4, a1a2A3a4, a1a2a3A4, and a1a2a3a4.  There are 256 
different gene combinations.  Among these gene combinations, only the genotype, a1a1a2a2a3a3a4a4, is 
susceptible to Liberty.  The other 255 genotypes, which contain at least one dominant gene, are 
resistant.  So, the ratio of resistant plants to susceptible plants will be 255:1.  The ratio of non-
segregating lines to segregating lines in the F3 population will be 175:80. 
4.3.2 Analysis for the Allelic Relationships among Seven Different Transformation Events Using 
the Bar Gene 
 
 After Liberty was applied to the F1 plants from 21 crosses, which were made using seven 
different plants transformed with the bar gene, the plants were all resistant.  The non-transgenic 
parents Taipei 309 and Nipponbare, and susceptible cultivar controls, died 3 days after treatment with 
Liberty. 
 Two types of segregation existed among 21 F2 populations from the crosses.  In the first type, 
there was no segregation for susceptible plants, for example, in the F2 populations of the crosses of T-
26-D x T-64, or T-28 x T-28-E.  No susceptible plants were observed among a total of 106 plants from 
reciprocal crosses between T-26-D and T-64.  Also, no susceptible plants were found among a total of 
295 plants in the F2 population of the T-28 x T-28-E cross.  This showed that the bar genes inserted 
into the transgenic plants T-26-D and T-64 or T-28 and T-28-E were allelic, which allowed no 
segregation (Table 4.5).  
In the second case, there was segregation for susceptible plants in the F2 populations.  There 
were two expected ratios for the distribution of the bar gene in the F2 populations.  One was where the 
number of resistant plants and the number of susceptible plants in the F2 population gave a 15:1 ratio, 
and the ratio of homozygous lines to heterozygous lines in the F3 generation was 7:8.  The crosses 
having this ratio were: 1) T-26-D with T-28-E, T-28-W, T-64-D, and N-84; 2) T-64-D with T-26-D, 
T-28, T-64, T-28-W, and N-84; 3) T-28 with T-28-W and N-84; 4) T-28-W with N-84; 5) T-28-E with 
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T-64 –D and T-64; and 6) T-64 with T-28, T-28-W, and N-84.  The fitness tests showed that the p-
values for ratios from these populations remained between 0.01 and 0.90.  This indicated that two or 
more pairs of inserted genes (possibly the genes in some of pairs were linked) might be involved in 
these transgenic plants (Table 4.5).  Their segregation indicated that the inserted genes were non-
allelic.   
In the second situation, the ratio of resistant F2 plants to susceptible plants was 63:1.  The p-
value was between 0.10 and 0.25.  This was the case with the cross T-28-W x T-28-E.  This suggested 
that three or more pairs of inserted bar genes might be involved with these plants.  The F3 data showed 
that there were two kinds of crosses. In one class, no susceptible lines segregated from the reciprocal 
crosses; these lines were homozygous, for example, crosses T-26-D x T-64, and T-28 x T-28-E (Table 
4.6).  This indicated that the bar genes in T-26-D and T-64 were allelic, and that the bar genes in T-28 
and T-28-E were allelic.  
 The second class represented segregating F3 lines.  Some of the lines were heterozygous and 
the others were homozygous.  For the cross T-28-W x T-28-E, the ratio of homozygous to 
heterozygous F3 lines was 37:26.  The p-values were between 0.50 and 0.75 (Table 4.6).  This 
confirmed that the mode of inheritance in these parents for the transgenic bar genes was non-allelic, 
and three or more pairs of bar genes (some of the genes may have been linked) were in the parents. 
For the other crosses, the ratio of homozygous F3 lines to heterozygous lines was 7:8.  The p-values 
were between 0.05 and 0.95 (Table 4.6), confirming that inheritance in the parents for these transgenic 
bar genes was non-allelic, and two or more pairs of bar genes were (some of them may have been 
linked) in the parents. 
There were at least five insertion locations among the seven transformed plants based on 
studies of the transgenic parents, F1, F2, and F3 generations.  The genes in parents T-64 and T-26-D 
were allelic and shared the same location.  The genes in parents T-28 and T-28-E were allelic and at a 
second location.  The genes in parents T-64-D, T-28-W, and N-84 took the third, forth, and fifth 
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Table 4.5. Distribution of the inserted bar gene in the F2 populations of 21 crosses using seven 
transformed plants. 















T-26-D xT-28-E 325 23 14:1 15:1 0.077 0.75 – 0.90 
T-26-D x T-28-W 237 8 30:1 15:1 3.723 0.05--0.10 
T-26-D x T-64-D 285 21 14:1 15:1 0.196 0.5--0.75 
T-26-D xT-64 80 0 ---- ---- ---- ---- 
T-26-D x N-84 50 5 10:1 15:1 0.803 0.25--0.50 
T-64-D x T-26-D 216 29 7:1 15:1 1.351 0.10--0.25 
T-64-D x T-28 144 8 18:1 15:1 0.253 0.50--0.75 
T-64-D x T-64 163 16 10:1 15:1 2.208 0.10 –0.25 
T-64-D x T-28-W 356 36 10:1 15:1 5.573 0.01—0.025 
T-64-D x N-84 292 21 14:1 15:1 0.107 0.50 -- 0.75 
T-28 x T-28-E 295 0 ---- ---- ---- ------ 
T-28 x T-28-W 193 8 24:1 15:1 1.792 0.10 – 0.25 
T-28 x N-84 58 2 29:1 15:1 0.827 0.25 –0.50 
T-28-W x T-28-E 250 7 36:1 63:1 2.253 0.10 – 0.25 
T-28-W x N-84 221 10 22:1 15:1 1.434 0.10 -- 0.25 
T-28-E x T-64-D 121 9 13:1 15:1 0.101 0.75 – 0.90 
T-28-E x T-64 137 10 14:1 15:1 0.076 0.75 –0.90 
T-64 x T-26-D 26 0 ---- ---- ---- ----- 
T-64 x T-28 333 12 28:1 15:1 4.550 0.025 – 0.05 
T-64 x T-28-W 50 4 13:1 15:1 0.113 0.50 – 0.75 
T-64 x N-84 60 7 9:1 15:1 1.990 0.10 – 0.25 
1 X2 0.05, 1=3.814146; X2 0.01, 1=6.6349. 
2 Hypotheses for p value, H0: the ratio is the same as expected (resistant x susceptible); H1: the ratio is 













Table 4.6. Identification of segregating and non-segregating lines in the F3 generation derived from 
F2 populations from crosses among seven rice plants transformed with the bar gene for resistance to 
Liberty herbicide. 









(NS to S) 
X2 value1 p-value2 
T-26-D x T-28-E 23 18 7:8 1.4651 0.1—0.25 
T-26-D x T-28-W 17 21 7:8 0.0570 0.75—0.90 
T-26-D x T-64-D 33 29 7:8 1.0716 0.25—0.50 
 T-26-D x T-64 42 0 ---- ---- ----- 
T-26-D x N-84 22 23 7:8 0.0893 0.75—0.90 
T-64-D x T-26-D 7 2 7:8 3.5000 0.05—0.10 
T-64-D x T-64 27 19 7:8 2.6744 0.10—0.25 
T-64-D x T-28-W 16 17 7:8 0.0439 0.75—0.90 
T-64-D x N-84 32 28 7:8 1.0714 0.25—0.50 
T-28 x T-28-E 26 0 ---- ---- ----- 
T-28 x T-28-W 27 29 7:8 0.5388 0.25—0.50 
T-28 x N-84 31 26 7:8 1.3646 0.10—0.25 
T-28-W x T-28-E 35 21 37:26 0.3283 0.50—0.75 
T-28-W x N-84 13 16 7:8 0.0394 0.75—0.90 
T-28-E x T-64-D 14 11 7:8 0.8751 0.25—0.50 
T-28-E x T-64 16 7 7:8 4.8460 0.025—0.05 
T-64 x T-26-D 32 0 ---- ---- ----- 
T-64 x T-28 19 19 7:8 0.1697 0.50—0.75 
T-64 x T-28-W 41 31 7:8 3.0558 0.05—0.10 
T-64 x N-84 30 35 7:8 0.0069 0.90—0.95 
1 X2 0.05,1=3.814146;  X2 0.01,1=6.6349. 
2 Hypotheses for p value: H0: the observed ratio is the same as the expected ratio (R to S), H1: the 
observed ratio is not the same as the expected ratio (R to S). 
 
locations, respectively, which were totally different from the first two insertion locations.  When we 
made crosses among them, there was segregation in the F2 populations, and segregating and non-
segregating lines in the F3 populations (Tables 4.5 and 4.6). 
4.3.3 Distribution of Bar Genes in the F2 Populations of the Crosses of T-64 (or T-26-D) with 20 
Additional Different Transformed Events, and Identification of Homozygous and Heterozygous 
Lines from F2 Populations 
 
 There were two distributions of bar genes in the F2 populations between T-64, or the allelic T-
26-D, and 20 new transformed plants (Table 4.7 and Table 4.8).  The first distribution exhibited no 
segregation in the F2 populations.  No susceptible plants appeared among 58 plants of T-64 x C9-1. In 
the cross T-26-D x C9-1, no plants, among a total of 92 plants, was susceptible to Liberty.  No 
susceptible plants were found among a total of 249 F2 plants from the cross T-26-D x C11-1.  The 
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evaluation of F3 lines harvested from F2 populations for these crosses showed no heterozygous lines 
(Tables 4.14 and 4.15).  This indicated that the genes in parents T-64, T-26-D, C9-1, and C11-1 were 
allelic. 
  In the second type of distribution, there was segregation for susceptible plants in the F2 
populations.  Two different ratios for the number of resistant to susceptible plants were observed. In 
one case, resistant plant and susceptible plants segregated with a 15:1 ratio. Such was the case for F2 
populations derived by crossing T-64 with T309-3, C3-1, C3-2, C4-4, C6-1, C12-1, C13-2, C18-2, 
C19-1, C32-4, and 98Y-36.  The p-values of these ratios were between 0.05 and 0.95. F2 populations 
obtained by crossing T-26-D with T309-3, C3-1, C3-2, C4-4, C6-1, C13-2, C15-2, C17-4, C18-2, 
C19-1, C32-4, and 98Y-36 showed the same ratio (15:1).  The p-values were between 0.05 and 0.90 
(Table 4.8).  Examination of F3 lines confirmed the results from F2 populations.  The ratio of the 
number of homozygous lines to the number of the heterozygous lines was 7 to 8 (Table 4.14 and 4.15).  
This indicated that two pairs of genes were involved in the crosses between T-64 (or T-26-D) and the 
above parents.  The bar genes among the female T-64 (or T-26-D) and the male parents were non-
allelic.  The number of resistant plants to susceptible plants was 63:1 in the F2 populations of T-64 
crossed with C14-1, C27-3, and C21-1.  The p-values varied from 0.10 to 0.50 (Table 4.7).  The 
crosses between T-26-D with C14-1, C16-1, C21-1, and C27-3 also showed a 63:1 ratio, and the p-
values were between 0.50 and 0.95 (Table 4.8).  The F3 line evaluation for these populations showed a 
ratio of homozygous lines to heterozygous lines of 37:26, with the p-value varying between 0.025 and 
0.95 (Tables 4.14 and 4.15).  This indicated that three or more pairs of genes were involved in the 
crosses between T-64 (or T-26-D) and C14-1, or C16-1, or C21-1, or C27-3; and the bar genes 
between the female and male parents were non-allelic.  
 The results for the segregation of progeny among crosses between T-64 and the additional 20 
transformed plants matched with that from the studies on the crosses between T-26-D and the same 
transgenic plants.  The p-values from the Chi-square test for both ratios showed that the actual ratios 
fitted with the expected ratios.  
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Table 4.7.  Distribution of the bar gene in the F2 populations using transformed plant T-64 to make 
crosses with other transformed plants from different transformed events. 








(R to S) 
Expected 
ratio 
(R to S) 
X2-value1 p-value2 
T309-3 219 12 18:1 15:1 0.4390 0.50—0.75 
C3-1 202 9 22:1 15:1 1.4183 0.10—0.25 
C3-2 191 11 17:1 15:1 0.2231 0.50—0.75 
C4-4 100 6 17:1 15:1 0.0629 0.75—0.90 
C6-1 129 4 32:1 15:1 2.3865 0.10—0.25 
C9-1 58 0 ---- 0 0 ----- 
C12-1 94 6 16:1 15:1 0.1357 0.50—0.75 
C13-2 177 5 35:1 15:1 3.8110 0.05—0.10 
C14-1 172 5 34:1 63:1 1.8339 0.10 – 0.25 
C18-2 35 3 12:1 15:1 0.1754 0.50—0.75 
C19-1 189 12 16:1 15:1 0.0269 0.75—0.90 
C21-1 73 2 37:1 63:1 0.5946 0.25—0.50 
C27-3 279 7 40:1 63:1 1.4744 0.10—0.25  
C32-4 213 13 16:1 15:1 0.0956 0.75—0.95 
98Y-36 189 10 19:1 15:1 0.5095 0.25—0.50 
1 X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.63490. 
2 Hypotheses for p value, H0: the observed ration was the same as expected ratio (R to S); H1: the 
observed ratio was not the same as expected ratio (R to S) 
 














Table 4.8.  Distribution of the bar gene in F2 populations when the transformed plant T-26-D was 
used to make crosses with plants from the additional 20 transformed plants. 








(R to S) 
Expected 
ratio 




T309-3 209 7 30:1 15:1 3.3383 0.05—0.10 
C3-1 180 11 16:1 15:1 0.0785 0.75—0.90 
C3-2 53 0 ---- 15:1 3.5333 0.05—0.10 
C4-4 149 10 15:1 15:1 0.0774 0.50—0.75 
C6-1 160 12 13:1 15:1 0.1550 0.50—0.75 
C9-1 92 0 ---- 0 0 ----- 
C11-1 249 0 ---- 0 0 ----- 
C13-2 239 10 24:1 15:1 2.1207 0.10—0.25 
C14-1 137 2 69:1 63:1 0.0138 0.90—0.95 
C15-2 249 16 16:1 15:1 0.0204 0.75—0.90 
C16-1 289 6 48:1 63:1 0.4262 0.50—0.75 
C17-4 75 5 13:1 15:1 0.0242 0.75—0.90 
C18-2 66 2 33:1 15:1 1.2706 0.25—0.50 
C19-1 13 0 ---- 15:1 0.8667 0.25—0.50 
C21-1 320 10 32:1 63:1 4.622 0.02 --0.05 
C27-3 218 4 55:1 63:1 0.083 0.75 –0.90 
C32-4 262 12 22:1 15:1 1.6360 0.10—0.25 
98Y-36 161 12 13:1 15:1 0.1391 0.50—0.75 
1 X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.63490. 
2 Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 
observed ratio was not the same as expected ratio (R to S). 
 
4.3.3.1 Distribution of Bar Genes in the F2 Populations of the Crosses between T-28, or the 
Allelic T-28-E, with the 20 Additional Transformed Plants, and Identification of Homozygous or 
Heterozygous F3 Lines Harvested from the F2 Populations.  For the crosses between T-28 (or T-28-
E) with the other transformed materials, two distributions of the bar gene among the F2 populations 
were observed.  They were the same distributions observed for the crosses between T-64 (or T-26-D) 
with the other transformed plants.  Either no segregation was observed in the F2 populations, which 
means that no susceptible plants were observed among 280 plants in the F2 population of the cross 
between T-28-E and T309-3 (Table 4.10.), or segregation did occur.  In one situation, the ratio of 
resistant plants to susceptible plants was 15:1.  This was the case for the crosses between T-28 and C3-
2, C6-1, C9-1, C11-1, C12-1, C14-1, C15-2, C16-1, C17-4, C18-2, and C32-4 (Table 4.9).  The p-
values among these crosses varied from 0.05 to 0.90.  For the crosses between T-28-E and C3-2, C6-1, 
C7-2, C9-1, C11-1, C12-1, C14-1, C15-2, C18-2, C21-1, and C32-4, the ratio was also 15:1 and the p-
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values varied from 0.02 to 0.90 (Table 4.10).  Quantification of the homozygous or heterozygous lines 
in F3 populations from these crosses gave a ratio of homozygous lines to heterozygous lines of 7:8.  
The p-values varied from 0.01 to 0.95 (Table 4.16 and 4.17).  This indicated that two dominant genes 
were involved in these transformed plants.  It is known that there was one single dominant gene in 
parent T-28.  So, there was one single dominant gene in the newly transformed plants, and the single 
dominant gene in the new transformed plants were all non-allelic to the bar gene in T-28 or the allelic 
T-28-E plant (Table 4.9 and 4.10).  
 The other distribution of bar genes in the F2 populations of these crosses was 63:1.  This was 
the case with crosses of T-28 with C3-1, C4-4, C13-2, C19-1, and 98Y-36.  The p-values varied from 
0.10 to 0.97 (Table 4.9).  A total of only eight plants grew in the F2 population of T-28 crossed with 
C27-3. It was difficult to determine the genetic relationship between them.  For the crosses between T-
28-E and C3-1, C4-4, C13-2, C19-1, C27-3, and 98Y-36, the ratio of resistant plants to susceptible 
plants was 63:1, and the p-values varied from 0.02 to 0.75 (Table 4.10).  The identification of the F3 
lines harvested from the surviving F2 plants indicated that the ratio of homozygous lines to 
heterozygous lines was 37:26, and the p-values varied from 0.025 to 0.99 (Table 4.16 and 4.17).  The 
results indicated that at least three inserted gene pairs were involved in these plants and they were not 
allelic.  
 The results from crosses utilizing T-28 as a parent and those from crosses using T-28-E 
matched were similar.  Distribution of the bar gene in the F2 population of the cross T-28 X C3-2 
allowed only one susceptible plant among a total of 84 plants.  The actual ratio of the number of 
resistant plants to that of susceptible plants was 83:1.  But, the ratio of homozygous lines to 
heterozygous lines in the F3 generation harvested from this F2 population was 7:8.  The total of 84 
plants was not a large enough sample for an F2 population.  Third, the result of the cross of its’ allelic 
line, T-28-E, with C3-2 gave a ratio of resistant to susceptible in the F2 of 15:1 and the ratio in the F3 
was 7:8.  So, the expected ratio of the cross between T-28 and C3-2 was 15:1.  
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Table 4.9.  Distribution of the bar gene in the F2 populations when the transformed plant T-28 was 
used to make crosses with 20 additional transformed plants which were created from different 
transformed events. 










(R / S) 
Expected ratio 
(R / S) 
X2-value1 p-value2 
C3-1 105 3 35:1 63:1 1.0370 0.25—0.50 
C3-2 83 1 83:1 15:1 3.6699 0.05—0.10 
C4-4 245 7 35:1 63:1 2.4157 0.10—0.25 
C6-1 61 7 8:1 15:1 1.8980 0.10—0.25 
C9-1 154 8 19:1 15:1 0.4757 0.25—0.50 
C11-1 214 7 31:1 15:1 3.5840 0.05—0.10 
C12-1 136 6 23:1 15:1 0.9934 0.25—0.50 
C13-2 146 5 29:1 63:1 0.0398 0.75—0.90 
C14-1 262 12 21:1 15:1 1.6362 0.10—0.25 
C15-2 149 11 14:1 15:1 0.0196 0.75—0.90 
C16-1 148 11 13:1 15:1 0.1212 0.50—0.75 
C17-4 251 15 17:1 15:1 0.1694 0.50—0.75 
C18-2 215 12 18:1 15:1 0.3598 0.50—0.75 
C19-1 86 2 43:1 63:1 0.2886 0.50—0.75 
C27-3 8 0 ---- ----- ----- ----- 
C32-4 61 5 12:1 15:1 0.0207 0.75—0.90 
98Y-36 193 3 64:3 63:1 0.0011 0.95—0.97 
1 X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.63490. 
2 Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 
























Table 4.10.  Distribution of bar gene in the F2 populations using transformed plants T-28-E to make 











(R / S) 
Expected 
ratio 
(R / S) 
X2-value1 p-value2 
TP309-3 280 0 ----- ----- ---- ----- 
C3-1 109 4 27:1 63:1 2.8726 0.05—0.10 
C3-2 242 22 11:1 15:1 1.9555 0.10—0.25 
C4-4 288 9 32:1 63:1 4.1618 0.02 –0.05 
C6-1 101 12 8:1 15:1 3.6820 0.05—0.10 
C7-2 266 14 19:1 15:1 0.7467 0.25—0.50 
C9-1 211 8 26:1 15:1 2.5209 0.10—0.25 
C11-1 148 9 16:1 15:1 0.0718 0.75—0.90 
C12-1 274 10 27:1 15:1 0.6094 0.25—0.50 
C13-2 451 11 41:1 63:1 2.0120 0.10—0.25 
C14-1 275 21 13:1 15:1 0.3604 0.50—0.75 
C15-2 141 6 24:1 15:1 1.1795 0.25—0.50 
C18-2 145 16 9:1 15:1 3.7370 0.05—0.10 
C19-1 190 2 95:1 63:1  0.3386 0.50—0.75 
C21-1 191 9 21:1 15:1 1.0453 0.25—0.50 
C27-3 88 1 88:1 63:1 0.1111 0.50 – 0.75 
C32-4 162 18 9:1 15:1 4.3200 0.02 – 0.05 
98Y-36 493 12 41:1 63:1 2.1741 0.10—0.25 
1 X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.63490. 
2 Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 
observed ratio was not the same as expected ratio (R to S). 
 
4.3.3.2 Distribution of Bar Genes in the F2 Populations of the Crosses between T-64-D and 20 
Additional Different Transformed Events, and Identification of Homozygous or Heterozygous F3 
Lines Harvested from F2 Populations.  Only 10 crosses were made between T-64-D and the new 
transformed plants, including TP309-3, C3-1, C4-4, C7-2, C13-2, C14-1, C15-2, C16-1, C21-1, and 
C32-4.  The distribution of the bar gene in the F2 populations showed that all of these crosses did 
segregate and showed that the ratio of resistant plants to susceptible plants was 15:1.  The p-values 
varied from 0.25 to 0.995 (Table 4.11).  Quantification of the segregation of the F3 lines harvested 
from these F2 populations showed that the ratio of homozygous lines to heterozygous lines was 7:8.  
The p-values varied from 0.05 to 0.95 (Table 4.18).  It was clear that two independently segregating 
genes were involved in each of the crosses.  So, one expressing bar gene existed in these transformed 
plants and these bar genes were non-allelic to those from T-64-D (Table 4.11). 
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Table 4.11.  Distribution of bar gene in the F2 populations using transformed plant T-64-D to make 
crosses with other transformed plants from different transformed events. 











(R to S) 
Expected 
ratio 
(R to S) 
X2-value1 p-value2 
TP309-3 165 11 15:1   15:1 0.0000 0.99—0.995
C3-1 155 8 19:1 15:1 0.5010 0.25—0.50 
C4-4 15 1 15:1 15:1 0.0000 0.99—0.995
C7-2 86 7 12:1 15:1 0.2588 0.50—0.75 
C13-2 45 2 23:1 15:1 0.3191 0.50—0.75 
C14-1 39 2 20:1 15:1 0.1347 0.50—0.75 
C15-2 106 5 21:1 15:1 0.5772 0.25—0.50 
C16-1 239 18 13:1 15:1 0.2493 0.50—0.75 
C21-1 213 12 18:1 15:1 0.3227 0.50—0.75 
C32-4 230 18 13:1 15:1 0.4301 0.50—0.75 
1 X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.63490. 
2 Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 
observed ratio was not the same as expected ratio (R to S). 
 
4.3.3.3 Distribution of Bar Genes in the F2 Populations of the Crosses between T-28-W and 20 
Additional Independently Transformed Plants, and Identification of Homozygous or 
Heterozygous Lines Harvested from the F2 Populations.  Eighteen crosses were made between T-
28-W and the newly transformed plants.  There were two modes of distribution of the bar gene among 
the F2 populations.  In one, there were no susceptible plants in the F2 population.  For example, the 
cross between T-28-W and C18-2 (Table 4.12.) had no susceptible plants among a total of 179 plants 
in the F2 population, and all of the F3 lines harvested from the F2 population were homozygous for 
resistance (Table 4.19).  This suggested that the bar gene in transgenic plant C18-2 was allelic with 
the bar gene in T-28-W.   
 The second distribution type had segregation in the F2 populations for susceptible plants.  This 
was the case for the crosses of T-28-W with T309-3, C3-1, C3-2, C4-4, C6-1, C7-2, C11-1, C12-1, 
C13-2, C14-1, C16-1, C17-4, C18-2, C19-1, C21-1, C27-3, C32-4, and 98Y-36.  Among these crosses, 
there were two ratios for the number of resistant plants to susceptible plants.  A 15:1 ratio was 
observed among the crosses of T-28-W with C3-1, C3-2, C4-4, C6-1, C11-1, C14-1, C16-1, C17-4, 
C21-1, and 98Y-36.  The p-values varied from 0.10 to 0.90 (Table 4.12).  All of the F3 lines grown 
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from seeds harvested from survived F2 plants were identified.  The ratio of homozygous lines to 
heterozygous lines was 7:8 and the p-values varied from 0.05 to 0.90 (Table 4.19).  This indicated that 
two pairs of inserted genes were involved in these parents, and the inserted bar gene in T-28-W was 
not allelic with the bar gene in the other parents. 
The second distribution of resistant plants to susceptible plants among the F2 populations was 
63:1 (Table 3.2.3.6) for the crosses of T-28-W with Taipei 309-3, C7-2, C12-1, C13-2, C19-1, C27-3, 
and C32-4.  The p-values varied from 0.05 to 0.99 (Table 4.12).  The ratio of homozygous lines to 
heterozygous lines in the F3 populations from these F2 plants was 37:26.  The p-values varied from 
0.10 to 0.98 (Table 4.19).  This indicated that three inserted bar genes were involved in these crosses.  
Two or more genes were involved among these parents and the bar genes were not allelic with the T-
28-W bar gene. 
4.3.3.4 Distribution of Bar Genes among the F2 Populations of the Crosses between N-84 and 20 
Additional Different Transgenic Plants, and Identification of Homozygous or Heterozygous F3 
Lines Harvested from the F2 Populations.  There was segregation in all of the F2 populations from 
the crosses with N-84.  Two bar gene distributions were observed in the F2 populations.  One had a 
ratio of resistant plants to susceptible plants of 15:1 among the F2 plants.  This included the crosses of 
N-84 with C4-4, C6-1, C7-2, C9-1, C11-1, C13-2, C14-1, C15-2, C16-1, C18-2, C19-1, C21-1, C32-4, 
and 98Y-36.  The p-values among these F2 distributions of the bar gene varied from 0.01 to 0.90 
(Table 4.13.). 
 The ratio of the number of homozygous lines to the number of heterozygous lines in the F3 
generation line populations from seed harvested from F2 plants was 7:8.  The p-values varied from 
0.01 to 0.90 (Table 4.20).  This indicated that the tested plants contained two inserted bar genes.  As 
the parents were resistant to Liberty, a single dominant gene controlled Liberty resistance in these 
transgenic plants, and the bar gene in these plants was non-allelic with the bar gene of N-84.  
 The second distribution had a ratio of resistant plants to susceptible plants in the F 2 
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Table 4.12.  Distribution of bar gene in the F2 populations using transformed plant T-28-W to make 
crosses with additional transformed plants from the 20 new transformation events. 












(R to S) 
Expected 
ratio 
(R to S) 
X2-value1 p-value2 
T309-3 214 3 71:1 63:1 0.04569 0.75—0.90 
C3-1 137 7 20:1 15:1 0.0593 0.75—0.90 
C3-2 123 9 14:1 15:1 0.0727 0.75—0.90 
C4-4 229 20 12:1 15:1 1.3496 0.25—0.50 
C6-1 228 11 21:1 15:1 1.1071 0.25—0.50 
C7-2 115 2 58:1 63:1 0.0166 0.75—0.90 
C11-1 193 7 28:1 15:1 2.5813 0.10—0.25 
C12-1 203 4 51:1 63:1 0.1849 0.50—0.75 
C13-2 333 7 48:1 63:1 0.5445 0.25—0.50 
C14-1 248 11 23:1 15:1 1.7732 0.10—0.25 
C16-1 413 16 26:1 15:1 4.6510 0.025 – 0.05 
C17-4 273 12 23:1 15:1 2.0232 0.10—0.25 
C18-2 179 0 ---- ---- ---- ----- 
C19-1 311 9 35:1 63:1 3.2508 0.05—0.10 
C21-1 136 10 14:1 15:1 0.0895 0.75—0.90 
C27-3 335 10 34:1 63:1 4.004 0.025 – 0.05 
C32-4 62 1 64:1 63:1 0.0003 0.975—0.99 
98Y-36 304 14 22:1 15:1 1.8524 0.10—0.25 
1 X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.63490. 
2 Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 
observed ratio was not the same as expected ratio (R to S). 
 
populations of 63:1.  These populations were from the crosses between N-84 by C3-1, C3-2, C12-1, 
C17-4, and C27-3.  The ratio of the non-segregating lines to segregating lines observed among the F3 
line populations was 37:26.  The p-values varied from 0.10 to 0.99 (Table 4.20).  This suggested that 
three inserted bar genes were involved in these crosses.  As indicated earlier, there was one single 
dominant gene in N-84.  So, there were two expressing bar genes in the transgenic plants C3-1, C3-2, 
C12-1, C17-4, and C27-3.  None of these bar genes was allelic to the bar gene in N-84 (Table 4.20). 
4.4 Discusion 
 
4.4.1 Theoretical Models 
 The theoretical models explained the relationships among the gametes when different 
transgenic plants from different transformation events were crossed.  This allowed comparison of 
expressing bar genes from different transformation events for their allelic relationships. 
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Table 4.13.  Distribution of bar gene in the F2 populations using transformed plants N-84 to make 
crosses with additional transformed plants from different transformed events. 









(R to S) 
Expected 
ratio 
(R to S) 
X2-value1 p-value2 
C3-1 407 11 37:1 63:1 3.0684 0.05—0.10 
C3-2 329 10 33:1 63:1 4.2420 0.025 – 0.05 
C4-4 338 21 16:1 15:1 0.0982 0.75—0.90 
C6-1 244 14 17:1 15:1 0.2987 0.50—0.10 
C7-2 316 13 24:1 15:1 2.9668 0.05—0.10 
C9-1 186 6 31:1 15:1 3.2000 0.05-0.10 
C11-1 370 15 24:1 15:1 3.6407 0.05—0.10 
C12-1 324 9 36:1 63:1 2.8147 0.05—0.10 
C13-2 321 28 11:1 15:1 1.8722 0.10—0.25 
C14-1 381 20 19:1 15:1 1.0908 0.25—0.50 
C15-2 197 9 22:1 15:1 1.2440 0.25—0.50 
C16-1 154 10 15:1 15:1 0.0065 0.90—0.95 
C17-4 303 6 50:1 63:1 0.2890 0.50—0.75 
C18-2 150 12 12:1 15:1 0.3704 0.50—0.75 
C19-1 423 25 17:1 15:1 0.3429 0.50—0.75 
C21-1 333 34 10:1 15:1 5.7031 0.01—0.025 
C27-3 295 4 74:1 63:1 0.0816 0.75—0.90 
C32-4 230 18 13:1 15:1 0.4301 0.05 – 0.75 
98Y-36 337 11 31:1 15:1 5.6674 0.01—0.025 
1 X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.63490. 
2 Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 
























Table 4.14.  Identification of homozygous or heterozygous lines in F3 populations transformed plant 
T-64 was used to make crosses with additional transgenic plants from 20 new transformation events. 









(NS to S) 
X2-value1 p-value2 
TP309-3 14 16 7:8 0.00 0.99—0.995 
C3-1 24 14 7:8 2.0189 0.10—0.25 
C3-2 13 8 7:8 1.9592 0.10—0.25 
C4-4 21 26 7:8 0.0744 0.75—0.90 
C6-1 3 4 7:8 0.0268 0.75—0.90 
C9-1 30 0 ---- 0 ----- 
C12-1 12 0 ---- 0 ----- 
C13-2 17 13 7:8 1.2054 0.25—0.50 
C14-1 25 15 37:26 4.0290 0.025—0.05 
C18-2 9 9 7:8 0.0804 0.75—0.90 
C19-1 23 13 7:8 4.2902 0.025—0.05 
C21-1 18 10 37:26 0.3565 0.50—0.75 
C27-3 24 11 37:26 1.3984 0.10—0.25 
C32-4 25 21 7:8 1.0904 0.50—0.75 
98Y-36 25 27 7:8 0.0417 0.75—0.90 
1 X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.6349. 
2 Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 




























Table 4.15.  Identification of homozygous and heterozygous lines in the F3 populations using 
transformed plant T-26-D to make crosses with additional transgenic plants from different 
transformation events using plasmid DNA with the bar gene for resistance to Liberty. 








(NS to S) 
X2 –value1 p-value2 
TP309-3 12 14 7:8 0.0027 0.95—0.975 
C3-1 15 6 7:8 5.1735 0.01—0.025 
C3-2 23 30 7:8 0.2277 0.50—0.75 
C4-4 15 21 7:8 0.3616 0.50—0.75 
C6-1 18 12 7:8 2.1429 0.10—0.25 
C9-1 31 0 ---- 0 ---- 
C11-1 36 0 ---- 0 ------ 
C13-2 24 18 7:8 1.8520 0.10—0.25 
C14-1 19 5 37:26 4.1354 0.025—0.05 
C15-2 5 10 7:8 1.0714 0.25—0.50 
C16-1 26 16 37:26 0.1746 0.50—0.75 
C17-4 19 17 7:8 0.5402 0.25—0.50 
C18-2 3 9 7:8 2.2634 0.10—0.25 
C21-1 18 18 37:26 1.1320 0.25—0.50 
C27-3 25 17 37:26 0.0109 0.90—0.95 
C32-4 23 13 7:8 4.2902 0.025—0.05 
1 X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.6349. 
2 Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 
























Table 4.16.  Identification of homozygous or heterozygous lines in the F3 populations using the 
transformed plant T-28 to make crosses with additional transgenic plants from different 
transformation events using plasmid DNA with the bar gene for resistance to Liberty. 
Segregation using maleT-28 Female 







(NS to S) 
X2 –value1 p-value2 
C3-1 13 5 37:26  1.3519 0.10—0.25 
C3-2 25 35 7:8 0.6026 0.25—0.50 
C4-4 34 24 37:26 0.0003 0.975—0.99 
C6-1 24 12 7:8 5.7857 0.01—0.025 
C7-2 23 17 7:8 1.8862 0.10—0.25 
C9-1 24 12 7:8 5.7857 0.01—0.025 
C11-1 15 8 7:8 3.1801 0.05—0.10 
C12-1 24 19 7:8 1.4457 0.10—0.25 
C13-2 24 6 37:26 0.0266 0.75—0.90 
C14-1 23 28 7:8 0.0504 0.75—0.90 
C15-2 30 35 7:8 0.0069 0.90—0.95 
C16-1 21 19 7:8 0.5469 0.25—0.50 
C17-4 19 11 7:8 3.3482 0.05—0.10 
C18-2 25 31 7:8 0.0922 0.75—0.90 
C19-1 28 8 37:26 5.3882  0.01—0.025 
98Y-36 24 10 37:26 1.9725 0.10—0.25 
1 X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.6349. 
2 Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 

























Table 4.17.  Identification of lines homozygous or heterozygous for resistance to Liberty in the F3 
populations using the transformed plant T-28-E to make crosses with additional transgenic plants 
from different transformed events using plasmid DNA with the bar gene. 
Segregation using maleT-28-E Female 
 Number of non-
segregated lines (NS) 
Number of 
segregated lines (S) 
Expected  
ratio 





TP309-3 26 24 7:8 0.0357 0.75—0.90 
C3-1 33 23 37:26 0.0043  0.90—0.95 
C3-2 22 20 7:8 0.5510 0.25—0.50 
C4-4 30 12 37:26 0.2814 0.50—0.75 
C6-1 15 25 7:8 1.3504 0.25—0.50 
C7-2 35 33 7:8 0.6306 0.25—0.50 
C9-1 12 24 7:8 5.7857 0.01—0.03 
C11-1 11 19 7:8 3.3482 0.05—0.10 
C12-1 30 33 7:8 0.0229 0.75—0.90 
C13-2 26 16 37:26 0.1746 0.50—0.75 
C14-1 18 28 7:8 1.0496 0.25—0.50 
C15-2 29 39 7:8 0.9021 0.25—0.50 
C16-1 18 16 7:8 0.5378 0.25—0.5 
C18-2 25 21 7:8 1.0908 0.25—0.50 
C19-1 27 19 37:26 0.0001  0.99-0.995 
C21-1 21 9 7:8 6.5625 0.01—0.03 
C27-3 25 11 37:26 1.7047 0.10—0.25 
C32-4 19 21 7:8 0.011 0.90—0.95 
98Y-36 25 15 37:26 4.0290 0.03—0.05 
x X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.6349. 
w Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 
observed ratio was not the same as expected ratio (R to S). 
 
Table 4.18.  Identification of lines homozygous or heterozygous for Liberty resistance in the F3 
populations using the transgenic plant T-64-D to make crosses with other transgenic plants from 
different transformation events using plasmid DNA with the bar gene. 










(NS to S) 
X2 –valuex p-valuew 
TP309-3 17 19 7:8 0.0045 0.90—0.95 
C3-1 30 26 7:8 0.25—0.50 
C4-4 4 10 7:8 1.8421 0.10—0.25 
C7-2 20 13 7:8 2.5763 0.10—0.25 
C13-2 16 19 7:8 0.1276 0.50—0.75 
C14-1 20 25 7:8 0.0893 0.75—0.90 
C15-2 34 25 7:8 2.9159 0.05—0.10 
C16-1 9 9 7:8 0.0804 0.75—0.90 
C21-1 15 19 7:8 0.0888 0.75—0.90 
C32-4 13 17 7:8 0.1339 0.50—0.75 
1.0727 
x X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.6349. 
w Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 
observed ratio was not the same as expected ratio (R to S). 
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Table 4.19.  Identification of lines homozygous or heterozygous for Liberty resistance in the F3 
populations using transgenic plant T-28-W to make crosses with other transgenic plants from 
different transformed events using plasmid DNA with the bar gene. 










(NS to S) 
X2-valuex p-valuew 
TP309-3 28 8 37:26 0.0869 0.75—0.90 
C3-1 22 29 7:8 0.2552 0.50—0.75 
C4-4 12 18 7:8 0.5357 0.25—0.50 
C6-1 19 17 7:8 0.5402 0.25—0.50 
C7-2 22 8 37:26 2.6395 0.10—0.25 
C11-1 22 18 7:8 1.1160 0.25—0.50 
C12-1 30 15 37:26 1.1694 0.25—0.50 
C13-2 22 18 37:26 0.2296 0.50—0.75 
C14-1 27 12 7:8 1.4009 0.10—0.25 
C16-1 21 28 7:8 0.2857 0.50—0.75 
C17-4 22 14 7:8 3.0179 0.05—0.10 
C18-2 24 0 ---- ---- ---- 
C19-1 18 18 37:26 1.1320 0.25—0.50 
C21-1 16 20 7:8 0.0714 0.75—0.90 
C27-3 25 11 37:26 0.7813 0.25—0.50 
C32-4 14 10 37:26 0.0016 0.95—0.975 
98Y-36 26 28 7:8 0.0476 0.75—0.90 
x X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.6349. 
w Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 

























Table 4.20.  Identification of lines homozygous or heterozygous for Liberty resistance in the F3 
populations using the transgenic plant N-84 to make crosses with additional transgenic plants from 
different transformation events using plasmid DNA with the bar gene. 









(NS to S) 
X2 –valuex p-valuew 
C3-1 22 14 37:26 0.0842 0.75—0.90 
C3-2 25 11 37:26 1.7050 0.10—0.25 
C4-4 16 20 7:8 0.0714 0.75—0.90 
C6-1 13 11 7:8 0.5424 0.25—0.50 
C7-2 21 15 7:8 1.9687 0.10—0.25 
C9-1 24 12 7:8 5.7857 0.01—0.025 
C11-1 30 12 7:8 6.3602 0.01—0.025 
C12-1 9 9 37:26 0.5660 0.25—0.50 
C13-2 18 18 7:8 0.1607 0.50—0.75 
C14-1 19 23 7:8 0.0344 0.75—0.90 
C15-2 23 19 7:8 1.1059 0.25—0.50 
C16-1 17 19 7:8 0.0045 0.90—0.95 
C17-4 24 12 37:26 0.9355 0.25—0.50 
C18-2 27 15 7:8 5.2385 0.01—0.025 
C19-1 23 19 7:8 1.1059 0.25—0.50 
C21-1 27 21 7:8 1.7712 0.10—0.25 
C27-3 24 17 37:26 0.0003 0.975—0.99 
C32-4 21 15 7:8 1.9687 0.10—0.25 
98Y-36 11 25 7:8 1.3504 0.10—0.25 
x X2 0.05, 1 = 3.84146; X2 0.01, 1 = 6.6349. 
w Hypotheses for p value, H0: the observed ratio was the same as expected ratio (R to S); H1: the 
observed ratio was not the same as expected ratio (R to S). 
 
4.4.2 Allelic Relationships among the Bar Genes when the First Seven Transformed Plants Were 
Crossed 
 
 During gene transformation, gold particles coated with pBSL21 plasmid DNA were delivered 
into the cells, and the DNA was inserted into the chromosomes, which would cause some cell damage.  
Physical damage is dependent on many factors, such as the speed of the gold particles, the number of 
gold particles inside a single cell, the toxic effects of the gold particles plus other chemical treatments 
applied to the cells.  Chromosome damage occurs when the gold particles hit the chromosomes; or if 
the foreign genes are inserted at the wrong locations, chromosomal functions will probably be affected 
(Sautter, 1994).  This damage might decrease regeneration ability, cause clonal variation and sterility, 
or cause other unusual phenotypic phenomena.  The number of successfully transformed plants we 
obtained and used for further studies was low.  When genes are inserted into chromosomes, there are 
different opinions about where genes insert.  Kohel et al. (2000) thought that transformation was a 
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random event, with each gene inserted at a unique location via Agrobacterium tumefaciens 
transformation.  We identified five different insertion locations among seven transformed plants from 
different transformation events (Figure 4.3).  This suggested that the foreign bar gene was not 
randomly inserted into the chromosomes.  The fact that in two cases out of seven genes were inserted 
into the same location on one chromosome suggested that there might be some preference for those 



















Figure 4.3.  Allelic relationships among the first seven transformed plants crossed. 
 
Five insertion locations were found among seven transformed plants.  
 
 As seven insertions was a low number, 20 additional plants were transformed with the bar 
gene and crossed with the original seven plants. 
4.4.3 Allelic Relationships among the Inserted Bar Genes in Crosses between the Original Seven 
Transformed Plants and the Additional 20 Transformed Plants 
 
Five locations were found among seven transformed plants (Figure 4.3).  The results of 
another 115 out of 128 crosses, where the 20 new transformed plants were crossed with the original 
seven plants, indicated that most insertions were non-allelic with two, three, or more pairs of genes 
being expressed.  There were more than 16 new gene locations found from the second set of crosses, 
and some plants had several genes expressing.  The genes in four groups of the tested materials were 
allelic.  The bar genes from crosses among the T-64, T-26-D, C9-1, and C11-1 parents were allelic. As 
were the bar genes in T-28, T-28-E, and TP309, the bar genes in T-28-W and C18-2, and the bar 
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genes in T-64-D and N-84. Eleven out of a total of 27 tested transgenic plants had allelic bar genes 
(Figure 4.4).  This suggested that the functional foreign gene (bar) in the transformed plants had a 
high probability to be allelic. 
 It was unlikely that the genes were completely randomly inserted throughout the rice genome, 
although there were 20 different gene locations among 27 transgenic plants.  The TIGER Rice 
Genome Project has submitted a total 41.67 million base pairs (MBP) of DNA to GenBank.  It was 
estimated that there are 2,158 genes on rice chromosomes (The Institute for Genomic Research, 2000).  
There are thousands of potential insertion sites on the rice chromosomes.   
 The criteria for the determination of the mode-of-inheritance of inserted bar genes were 
critically important for this study.  The transgenic plants used in this study were tested for expression 
of the bar gene in greenhouse and field tests conducted over several years.  The reaction of the plants 
used in these tests Liberty herbicide was constant and stable after Liberty application at different times 
over several years.  The dominance or recessive character of the genes was determined by the reaction 
of F1 plants after application of Liberty herbicide, either by spraying or the cut leaf method.  The 
distribution of the foreign genes in the F2 population showed the possible number of genes controlling 
resistance.  The quantification of homozygous or heterozygous lines in the F3 generations of crosses 
confirmed the gene segregation ratios in F2 populations.  When there were conflicting results between 
F2 and F3 generation data, the determination was made on the basis of the best reasonable explanation 
from: (1) the expected ratios of the distribution of bar genes in the F2 populations, (2) the expected 
ratios of the homozygous lines to heterozygous lines in the F3 populations, and (3) reference to related 
crosses, for example, sib pairs or when one of the parents was common or related.  
 When transgenic plants had allelic relationships with other transgenic plants from different 
transformation events this did not mean that all of them contained the same number of bar genes.  










































Figure 4.4.  Allelic relationships after crossing with 20 additional transgenic plants (bar) 
from different events. 
 
 
when they segregated in the F2 populations or the identification in the F3 generation of homozygosity.  
Only the non-allelic bar genes could reflect the number of the bar genes present in a transgenic plant. 
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 In this research it was determined that insertion of foreign genes into plants by the biolistic 
method did not lead to random insertion of the transgenes into the plant’s chromosomes.  If the 
mechanism for preferential insertion can be identified, this may allow control over insertion sites in 




THE EFFICACY OF TRANSGENE TRANSFER TO UNITED STATES COMMERCIAL 




 The purpose of the backcross method in plant bredding is to recover the genotype of the 
recurrent parent with an additional gene, or set of linked genes, from the donor parent that improve 
targeted characteristics of a cultivar for which it is deficient.  It is very useful to be able to transfer a 
major gene from one plant germplasm to another plant germplasm through continuous backcrosses.  
Genes for sterility and restoration have been successfully transferred from wild rice, or other sources, 
into hybrid rice cultivars or elite breeding lines in China (Yan et al., 1991).  Dominant genes for 
resistance to bacterial leaf blight also were transferred from Tetep, DV-78, and other resistance 
sources, into commercial cultivars (Shao et al., 1991; Wan et al., 1991).  It was confirmed that the 
effects of major resistance genes on rice bacterial blight, caused by Xanthomonas oryzae  pv. oryzae, 
were affected by other genes through continuous backcrosses (Shao et at., 1991, 1992).  The results of 
a back-cross reciprocal monosomic analysis of Fusarium head blight resistance, using the highly 
resistant Hungarian winter wheat line ‘U-136.1’ and the highly susceptible cultivar ‘Hobbit-sib’, 
indicated that the families, which contained ‘U-136.1’ chromosomes 6B, 5A, 6D, 1B, and 4B, had a 
visually reduced spread of infection compared to lines that had the ‘Hobbit-sib’ chromosome 
(Buerstmayr et al., 1999). 
 Transgenic Taipei 309 and Nipponbare plants, which were tested in our research, were 
japonica-type rice and showed pubescent, medium grain, and other poor agronomic characteristics for 
United States rice production.  These transgenic plants, which contained the Liberty herbicide 
resistance (bar) gene, could not be used directly as cultivars by growers in the rice production areas of 
the U.S. .  There were some problems directly transferring the foreign gene into current rice cultivars, 
such as the cultivars were hard to regenerate in tissue culture, many plants obtained through tissue 
culture were sterile, and somaclonal variation often occurs in plants following transformation and 
 96
regeneration from callus.  Therefore, it is a desirable practice to transfer the bar gene from 
transformed plants into commercial cultivars through repeated backcrosses.  There are some reports on 
improving the characteristic of a rice cultivar for which it is deficient through backcrossing (Shao et 
al., 1991; Wan et al., 1991; Yan et al., 1991; Buerstmayr et al., 1999; Zemetra et al., 1999).  However, 
there is no report related to the transfer of foreign genes from transformed plants to cultivars through 
repeated backcrosses.  The purpose of this research was to evaluate the utility and efficacy of using 
backcross technology to transfer alien genes from transformed plants to commercial-type lines or 
cultivars. 
 The active ingredient of Liberty herbicide is glufosinate-ammonium, a natural product of 
certain soilborne microorganisms.  It is an antibiotic with activity against fungi, bacteria, and plants.  
The chemical causes severe injury or death to rice and other commercial crops when applied to non-
transgenic plants.  It also was observed that there was the potential for injury by Liberty herbicide 
applications on transgenic rice plants under certain conditions (Webster et al., 1998; Rush et al., 2001).  
The injuries were caused by the active ingredient, the inactive ingredients, or the combination of these 
compounds.  So, another purpose of this research was to investigate injury by Liberty to transgenic 
rice plants with the bar gene in greenhouse and field tests.  
5.2 Materials and Methods 
 
5.2.1 Crosses Made and Line Selection from Progeny Rows 
 
 The transgenic lines T-28-E, T-64-D, and T-64 from Taipei 309, and N-84 from Nipponbare, 
were used as Liberty resistance sources and donor parents.  Commercial rice cultivars commonly 
grown in the southern United States, including Lemont, Cypress, Lafitte, Maybelle, and Katy, were 
used as the recurrent parents.  These cultivars are naturally susceptible to Liberty.  Seed of all the 
parent cultivars were germinated in the greenhouse and transplanted into the field by hand at the 
Louisiana State University Rice Research Station in Crowley, LA (RRS) 30 days after seeding.  
Planting areas received preplant application of 14-42-42 (N-P2O5-K2O) fertilizer and topdressing of 
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494.2 kg / ha urea.  All planting areas were treated with herbicide (propanil and Londax) and Icon 
insecticide.  Standard agronomic practices were used throughout the rice growing period. 
 Three to five plants per parent were dug out from the field and transplanted into the 
greenhouse at the booting or early heading stages.  Panicles on the plants, which were heading and had 
not flowered, were selected.  All of the flowered spikelets and immature spikelets were removed, and 
only the spikelets, which would flower on the same day, remained on the panicles.  The trimmed 
panicles were put into hot water at 43 C for 5 minutes to kill the pollen inside the anthers.  After hot 
water treatment, all of the anthers from the open spikelets were removed, and the treated panicle was 
covered with a semi-opaque paper, crossing bag.  The bags were labeled with the female cultivar name 
and date.  At the normal flower opening time (about 11:30 am in the greenhouse), the sterilized 
panicles were pollinated with pollen from the cultivar serving as the male parent.  At the same time, 
the cultivar name was labeled on the same crossing bag.  Seeds were harvested 3 weeks after 
pollination.  The harvested seeds were placed into an oven at 41 C for 3 days to dry the seeds. 
 Crosses were first made in the summer of 1996.  Seeds from the crosses were germinated in 
the laboratory, and the seedlings were transplanted into the greenhouse 10 days after germination 
during the winter of 1996-1997.  All progeny from each cross were tested with 200 ppm hygromycin 
B solution by cutting leaf tips submerged into the solution 30 days after transplanting.  The lesions on 
tested leaf tips were measured 7 days later.  Liberty was sprayed at a rate of 363 ppm onto the plants in 
the greenhouse to confirm their resistance.  The surviving plants (double-resistant) were selected for 
use as parents to make backcrosses with the recurrent parents.  BC1 seeds were germinated in the 
laboratory, and seedlings were transplanted into the greenhouse 10 days after germination.  Seedlings 
were transplanted into the field by hand at the Rice Research Station (RRS) in Crowley, LA. after 
growing in the greenhouse for 25 days during the 1998 growing season.  Standard agronomic practices 
were used in our tests.  Hygromycin sensitivity was tested with 200 ppm hygromycin B solution/leaf 
tip cutting 30 days after the seedlings were transplanted into the field.  Lesion length data was 
collected 7 days after treatment.  Liberty herbicide at a rate of 2.10 kg a. i. / ha was sprayed onto the 
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plants 7 days after the hygromycin test. The number of plants killed or surviving and sensitivity of the 
surviving plants to hygromycin was determined.  Surviving double-resistant plants, which were the 
most similar to the recurrent parents, were selected and backcrossed to the recurrent parents.  The 
same method was used in greenhouse and field tests through the BC5 generation from 1996 to 2000. 
 A total of 50 lines were selected from the repeated backcross program in 2000.  All progeny 
rows were planted at the RRS in tiers of 91 cm rows with 10-inch spacing between rows using a Hege 
90 Series Drill Planter with 12-cell magazines.  Each line was planted in five single rows with two 
replications.  Their recurrent and donor parents were used as controls.  All planting areas were treated 
with herbicide (propanil and Londax) and Icon insecticide.  The fertilizer application and agronomic 
practices were the same as before.  One replication was treated by spraying Liberty at a rate of 2.10 kg 
a. i. /ha 50 days after seeding.  Another replication was used as the untreated control.  Major 
agronomic characteristics, including plant height, days from planting to heading, and resistance or 
susceptibility to Liberty and hygromycin B for each line, were investigated.  Nineteen lines were 
harvested from the test and used as entries in yield tests during the 2001 and 2002 growing seasons.  
5.2.2 Yield Tests Using Selected Lines from Liberty Resistant Progeny Rows in 2001 and 2002 
 Nineteen homozygous lines selected from different backcross generations were used as entries 
and yield tests were conducted in the field at the RRS in 2001 and 2002.  The lines’ corresponding 
recurrent parents, including Cypress, Lemont, Katy, Lafitte, and Maybelle, were planted as controls.  
The lines and controls were planted in 122 x 488 cm subplots with 36 cm alleys between plots and 122 
cm alleys between tiers of plots. The plots were planted on April 30 in 2001 and on April 23 in 2002.  
A split plot on randomized completely blockt (RCB) was used with three replications.  The main 
treatment was the line or cultivar and the sub-treatment was with or without Liberty application.  The 
field received a preplant application of 24-72-72 (N-P2O5-K2O) fertilizer.  All plots received a pre-
flood application of 62.2 kg / ha of ammonium sulfate fertilizer and an additional 113.6 kg / ha top 
dressing with urea.  Standard agronomic practices were followed with these plantings.  The soil was 
silt loam (pH 6.0, Clay 12%, Silt 71%, Sand 17%, CEC 9.4 mole / kg).  All of the plot sizes were 122 
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x 488 cm.  Liberty at a rate of 2.10 kg a. i. /ha was applied at the four-leaf stage of growth.  Data were 
collected 3 days after Liberty application.  The days from planting to heading were taken based on 
50% panicle emergence in each plot.  Plant heights were measured from the crown (soil line) to the tip 
of the highest panicle when plants matured.  The plots were harvested on August 20 in 2001 and on 
August 26 in 2002.   
Grain for testing milling quality was harvested from each plot by hand.  After the grain was 
dried and cleaned, 125 grams of grain were taken for each plot and were used as milling samples.  
Milling was tested at the Grain Quality Laboratory at the RRS and the standard procedure was 
followed. 
Seeds from each entry were harvested by hand, mixed well, placed into an oven at 41C, and 
dried for 3 days.  After the dried seeds were cleaned, 10 grains were randomly selected, and grain 
length and width measurements were taken in mm.  Five hundred grains were randomly counted from 
the mixed seeds and weighed in grams.  Three replications were tested for each plot.  
5.2.3 Bar Gene Detection in Leaf Samples from the Yield Test through Use of the Polymerase 
Chain Reaction (PCR) 
 
 Eight to 10 leaves from the yield test entries were collected 10 days after Liberty application.  
The total genomic DNA from all of the entries was isolated and purified.  PCR was used to amplify 
the target bar gene.  The procedures for DNA isolation and PCR technology were the same as the 
protocols used in Chapter 4.  This data provided molecular proof that these transgenic plants retained 
the bar gene and showed whether or not the hpt gene was present.  The presence of these genes was 
matched with gene expression among plants in the different populations. 
5.2.4 Potential of Liberty Herbicide to Injure Transgenic Rice Plants 
 Data analysis for the 2001 yield test showed that Liberty application had the potential to injure 
transgenic rice plants.  Cypress and line 23,0251 were used as the test materials during the winter of 
2001.  Liberty and its inactive ingredient were provided by Aventis CropScience USA LP and were 
used as the test chemicals.  Seeds were planted in the greenhouse and four to five plants were 
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transplanted per pot 10 days after seeding.  Liberty applications at rates of 150 ppm, 450 ppm, 
750ppm, and 1500ppm were sprayed on the leaves 14 days after transplanting.  Ten ml of total 
solution for each treatment was applied on the plants each pot.  Plants in four pots were treated with 
each rate of Liberty.  Plant injury was rated seven days after treatment. 
 SAS package with 6.12 for Windows was used to analyze all of the data (SAS 
Institute, 2000). 
5.3 Results and Analyses 
 
5.3.1 Changes in the Major Agronomic Characteristics of Progeny Rows Selected from Repeated 
Backcrosses 
 
Transgenic plants used as donors for Liberty resistance in the current studies had 
characteristics that were controlled by a single or a few dominant transgenes (this was demonstrated in 
Chapters 3 and 4).  The Liberty resistance in transgenic plants T-28-E, T-28, T-64, and N-84 was 
controlled by the bar gene.  When Cypress, Lemont, Maybelle, and Lafitte were used as the recurrent 
parents, the results were collected after Liberty applications at the four-leaf seedling stages in the 
greenhouse or field tests from 1997 to 2000.  The segregation ratio, which was the number of Liberty 
resistant plants to the number of susceptible plants to Liberty from the BC1 to BC5 generation, was 1:1 
(Table 5.1 to 5.3).  The p-values ranged from 0.10 to 0.995.  This confirmed that the previous studies 
concerning the inheritance of the bar gene were correct.  It was inherited as a single dominant gene. 
When Lafitte was used as the recurrent parent to make crosses with N-84, the results indicated that the 
agronomic characteristics of progeny changed quickly.  After the second backcross, the plants selected 
for the repeated backcrosses were already similar to the recurrent parent, Lafitte, for several 
agronomic characters, such as plant height, days from planting to heading, average panicle length, 
number of spikelets per panicle, and seed setting rates (%) of the selected plants were 97.8 cm, 78 
days, 21.3 cm, 145.8 spikelets per panicle, and 89.6 %, respectively.  Plant height was significantly 
taller than that of the donor parent (81.5 cm) and closer to that of the recurrent parents (98.5 cm).  The 
days-to-heading, panicle length, and number of spikelets per panicle of the plants selected were 
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Table 5.1.  Segregation of the bar gene in BC1 and BC2 generation progeny coming from repeated 
backcrosses made from 1997 to 2000 in greenhouse or field tests. 
BC1 BC2 Crosses 
R1 S2 Expected 
ratio (R / S) 
p-value R S Expected 
ratio (R / S) 
p-value3 
T-28-E / Lemont 10 12 1:1 0.50-0.75 27 25 1:1 0.75-0.90 
T-28/Cypress 8 9 1:1 0.75-0.90 21 16 1:1 0.25-0.50 
T-64/Cypress 1 0 1:1 0.75-0.90 10 10 1:1 0.99-1.00 
T-64/Maybelle 15 15 1:1 0.99-1.00 9 17 1:1 0.05-0.10 
N-84/Cypress 2 3 1:1 0.50-0.75 6 5 1:1 0.75-0.90 
N-84/Lafitte 3 2 1:1 0.50-0.75 14 8 1:1 0.10-0.25 
1 R refers to the number of plants, which were resistant to Liberty herbicide 
2 S refers to the number of plants, which were susceptible to Liberty herbicide. 




Table 5.2.  Segregation of the bar gene in BC3 and BC4 generation progeny coming from repeated 
backcrosses made from 1997 to 2000 in greenhouse or field tests. 
BC3 BC4 Crosses 
R1 S2 Expected 
ratio (R / S) 
p-value R S Expected 
ratio (R / S) 
p-value3 
T-28-E/Lemont 9 12 1:1 0.50-0.75 3 2 1:1 0.50-0.75 
T-28/Cypress 9 6 1:1 0.25-0.50 2 0 1:1 0.10-0.25 
T-64/Cypress 5 8 1:1 0.25-0.50 4 1 1:1 0.10-0.25 
T-64/Maybelle 4 5 1:1 0.50-0.75 12 15 1:1 0.50-0.75 
N-84/Cypress 3 6 1:1 0.25-0.50 3 6 1:1 0.25-0.50 
N-84/Lafitte 3 8 1:1 0.10-0.25 5 8 1:1 0.25-0.50 
1 R refers to the number of plants, which were resistant to Liberty herbicide 
2 S refers to the number of plants, which were susceptible to Liberty herbicide. 




Table 5.3.  Segregation of the bar gene in BC5 generation progeny coming from repeated 
backcrosses made from 1997 to 2000 in greenhouse or field tests. 
BC5 Crosses 
R1 S2 Expected ratio (R / S) p-value3 
T-28-E/Lemont 3 2 1:1 0.50-0.75 
T-28/Cypress 43 39 1:1 0.90-0.95 
T-64/Cypress ND ND4 1:1 --- 
T-64/Maybelle ND ND 1:1 --- 
N-84/Cypress 3 4 1:1 0.50-0.75 
N-84/Lafitte 12 15 1:1 0.50-0.75 
1 R refers to the number of plants, which were resistant to Liberty herbicide 
2 S refers to the number of plants, which were susceptible to Liberty herbicide. 
3 p-value is the smallest level of significance for which we would reject the null hypothesis. 




similar to Lafitte’s corresponding characteristics (Table 5.4).  The agronomic trait seed-setting did not 
change.  This was because of the similarity of the seed-setting rates for both the donor and recurrent 
parent (Table 5.4). 
Table 5.4.  Comparison of major agronomic characteristics between lines, which were generated 
from repeated backcrosses when Lafitte was used as the recurrent parent and N-84 was used as the 
donor parent, and donor and recurrent parents in the field test of 2000. 






Mean numbers of 
spikelets per panicle 
Seed setting 
rates (%)* 
N-84 81.5 " 1.8** 71 16.5 " 1.5** 85.9 " 10.2** 88.5 " 2.4** 
Lafitte 98.5 " 2.9 81 21.4 " 1.7 169.8 " 10.1 85.9 " 2.8 
BC2 97.8 " 1.9 78 21.3 " 1.5 145.8 " 15.7 89.6 " 2.4 
BC3 95.8 " 1.9 79 21.6 " 1.3 181.2 " 15.1 91.6 " 2.2 
BC4 101.2 " 2.8 82 20.5 " 1.2 183.4 " 8.6 82.1 " 3.3 
BC5 100.1 " 1.6 80 20.9 " 1.2 169.2 " 12.1 83.4 " 2.1 
* Seed setting rate refers to the number of filled seeds over total spikelets.  
** Data include the average value for the characteristic plus standard deviation. 
 
 When Cypress was used as the recurrent parent in a cross with N-84, some characteristics 
were changing gradually, such as plant height and days-to-heading, were intermediate between the 
donor and recurrent parents in BC2 (Table 5.5).  Plant height after five repeated backcrosses was 97.2 
cm, which was about the same as the recurrent parent (97.3 cm).  The days-to-heading of the plant 
selected at the second generation was 75 days, which was in between the donor and recurrent parents.  
The days-to-heading of the plant selected in the fifth generation was 83 days, which was similar to the 
days-to-heading of the recurrent parent Cypress (81 days).  Some of the agronomic characters of 
progeny changed quickly toward the characteristics of the recurrent parent, such as panicle length, 
number of spikelets per panicle, and seed setting rates.  These characteristics were similar to Cypress, 
even in the second backcross generation progeny (Table 5.5). 
When seed of several backcross generations were planted at one time (2000 season), the 
agronomic characteristics were stable, and differences among the progeny that might be affected by 
residual genes or environmental factors were minimized. 
 For rice production, grain characteristics are among the important factors to be considered.  
The lines harvested from 2000 field rows were used as the entries for 2 years of yield tests from 2001 
to 2002.  Evaluation of their grain qualities indicated that lines from each back cross combination were  
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Table 5.5.  Comparison of the means for agronomic characteristics among progeny generated from 
different repeated backcrosses when Cypress was used as the recurrent parent and N-84 was used as 
the donor parent, and their donor and recurrent parents in the field test of 2000. 
Generation Mean plant 
height (cm) 
Days from planting 
to heading (days) 
Mean panicle 
length (cm) 
Mean numbers of 
spikelets per panicle 
Seed setting 
rates (%)* 
N-84 81.5 " 1.8** 71 16.5 " 1.5** 85.9 " 10.2** 88.5 " 2.4** 
Cypress 97.3 " 1.7 81 22.8 " 0.8 150.4 " 12.1 81.3 " 6.2 
BC2 86.8 " 1.9 75 22.1 " 1.3 160.8 " 6.1 80.4 " 3.1 
BC3 99.4 " 1.5 84 22.8 " 0.6 166.6 " 7.9 78.4 " 3.2 
BC4 98.7 " 2.0 83 22.5 " 0.9 163.4 " 6.3 80.2 " 2.2 
BC5 97.2 " 2.1 83 22.6 " 0.6 152.3 " 8.3 80.5 " 4.7 
* Seed setting rate refers to the number of filled seeds over total spikelets.  
** Data include the average value for the characteristic plus standard deviation.  
similar to their recurrent parents.  This will be discussed in detail later. 
5.3.2 Changes in the Agronomic Characteristics for the Lines Selected from the Repeated 
Backcrosses from the Yield test in 2001 and 2002 
 
 Nineteen test lines, which came from the repeated backcrosses using different cultivars as the 
recurrent parents, were used with the recurrent parents as entries and yield tests were conducted using 
a split plot on randomized complete block (RCB) design at the RRS in 2001 and 2002.  Experimental 
lines from different backcrosses with different recurrent parents showed varied results.  The bar gene 
had been successfully transferred into lines similar to commercial cultivars through repeated 
backcrosses.   
5.3.2.1 Effect of Liberty Herbicide Applications on the Liberty Resistant Entries.  Liberty was 
observed to have an adverse effect on plots of Liberty resistant lines.  Herbicide application at a rate of 
2.10 kg a. i. /ha was observed to significantly reduce rice yield.  The mean yield of the non-treated 
plots from the yield tests in both 2000 and 2001 was 6696.9 kg /ha, which was significantly higher 
than that of the treated plots (5927.1 kg /ha) (Table 5.6).  No significant effect of Liberty application 
was observed on plant height or days- to heading (Table 5.6).  The average days-to-heading for both 
treated and non-treated plots was about 84 days.  The average plant height for both treated and non-
treated plots was about 92 cm (Table 5.6). 
 There was no significant effect on milling characteristics obtained from the 2 years of field 
tests after Liberty application at 2.10 kg a. i. / ha (Table 5.7). 
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Table 5.6.  Effects of Liberty application on yield, plant height, and days from planting to heading 
from the yield test at the Rice Research Station in Crowley, LA. in 2001 and 2002 combined.* 
Treatments Number of 
treatments 
Mean yield  
(kg/ha) 




Non-Liberty application 106 6696.9a 92.4a 84.0a 
Liberty application 106 5927.1b 92.3a 84.9a 
* Means followed by different letters were significantly different at p = 0.05. 
  
Table 5.7.  Effects of Liberty application on milling characteristics from the yield tests at the Rice 
Research Station in Crowley, LA. in 2001 and 2002 combined.* 
Treatments Brown rice (%) Milled rice (%) Head rice (%) 
Non-Liberty application 78.9a 67.7a 56.0a 
Liberty application 78.6a 67.4a 56.0a 
* Means were not significant different at p = 0.05. 
 Conducting yield tests in different growing seasons or years may have significant effects on 
the major agronomic characteristics.  The average yield produced from the yield test in 2002 was  
6717.4 kg/ha, which was significantly higher than that produced from the yield test in 2001 (5951.0 
kg/ha).  The average plant height from the yield test in 2001 was 95.2 cm, which was significantly 
taller than that from the yield test in 2002 (89.7 cm).  The mean days-to-heading in 2002 was 88.0 
days, which was significantly longer than that in 2001 (80.7 days) (Table 5.8). 
Table 5.8.  Effects of years on major characteristics of the lines at the Rice Research Station in 
Crowley, LA from the field tests of 2001 and 2002. 
Years Number of 
treatments 




2001 123 5951.0b 95.2a 80.7b 
2002 123 6717.4a 89.7b 88.0a 
* Means followed by different letters were significantly different at p = 0.05. 
5.3.2.2 Yield Test Comparison with Backcross Lines Developed Using Cypress as the Recurrent 
Parent.  Cypress is one of the most popular long-grain cultivars in the southern United States.  It 
would be useful to transfer the bar gene into this cultivar through repeated backcrosses.  Seven lines 
with Liberty resistance were selected from the progeny rows after repeated backcrosses using Cypress 
as the recurrent parent.  In the comparisons presented, please note that data from Cypress treated with 
Liberty was never presented as Cypress was killed by Liberty applications. 
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5.3.2.2.1 Comparison of the Major Agronomic Characteristics between Cypress and the Cypress 
Derived Experimental Lines without Liberty Herbicide Application.  Seven backcross lines, using 
Cypress as the recurrent parent, were used in the 2001 and 2002 yield tests.  Their major agronomic 
characteristics, including plant height, days-to-heading, yield per hectare, and grain shape varied.  
Lines 230251, 230221, and 230413 had the same yield potential as Cypress.  Experimental line 
230251 had the highest mean yield over the two years of testing (8271.8 kg/ha).  This was higher than 
Cypress’s mean yield (7995.0 kg / ha) although the difference was not significant.  Three of seven of 
the tested entries yielded significantly lower than Cypress.  Experimental line 230420 had the lowest 
mean yield in the tests (6454.9 kg/ha) (Table 5.9). 
There were significant differences in plant height among the seven entries and Cypress (Table 
5.9).  Mean height ranged from 81.3 cm to 100.2 cm.  The Cypress control had a mean of 92.8 cm in 
height, significantly shorter than line 230251 (100.2 cm).  However, Cypress was significantly taller 
than lines 230408 (88.3 cm) and 230413 (87.0 cm) were.  There were no significant differences in 
plant height between Cypress and lines 230221 (91.8 cm) and 230281 (94.8 cm) (Table 5.9).  All of 
the line heights would have been acceptable for commercial cultivars. 
The growth period from planting to heading is another important characteristic in rice 
production.  It varied from 85.4 days to 89.5 days across the Cypress derived lines in the two years of 
field testing (Table 5.9).  Experimental line 230413 had a mean of 85.4 days from planting to heading, 
which was significantly shorter than the 87.5 days needed by Cypress, the recurrent parent.  Other 
lines, such as lines 230081 (87.7 days), 230251 (88.2 days), and 230281 (88.2), were similar to 
Cypress.  Experimental line 230420 needed about 89 days from planting to heading, which was longer 
than Cypress, but was not significantly different (Table 5.9).  
5.3.2.2.2 Comparison of Agronomic Characteristics Affected by Liberty Application onto 
Liberty Resistant Backcross Lines having Cypress as the Recurrent Parent in the 2001 and 2002 
Field Tests.  The major agronomic characteristics varied significantly in different years.  In 2001, the  
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Table 5.9.  Comparison of yield, plant height, and days-to-heading between backcross lines and their 
recurrent parent Cypress when no Liberty was applied in the field tests in 2001 and 2002 combined. 
Entries Mean yield 
(kg/ha) 





Cypress 7995.0 ab 92.8 b 87.5 ab 
230081 5626.0 d 81.8 d 87.7 ab 
230221 7297.2 abc 91.8 b 89.0 a 
230251 8271.8 a 100.2 a 88.2 ab 
230281 7163.9 abc 94.8 b 88.2 ab 
230408 6463.7 cd 88.3 c 86.2 bc 
230413 6624.4 bcd 87.0 c 85.4 c 
230420 6454.9 cd 82.8 d 89.5 a 
* Means followed by different letters were significantly different at p = 0.05. 
 
average yield of the entries was 6158.0 kg/ha, which was significantly lower than that in 2002 (7043.0 
kg/ha).  The average plant height was 91.5 cm in 2001, which was significantly taller than that in 2002 
(87.7 cm).  The average days-to-heading in 2001 was 83.9 days, which was significantly shorter than 
that in 2002 (91.7 days) (Table 5.10).  This was probably caused by the weather during the rice-
growing seasons.  It was cooler, with more rain during the 2002 summer than during the summer of 
2001. 
 The seven backcross lines, using Cypress as the recurrent parent, were negatively affected by 
Liberty applications in the 2001 and 2002 field tests.  The average yield for non-treated lines was 
6945.5 kg/ha, which was significantly higher than the same lines treated with Liberty (6219.1 kg/ha).  
This was probably caused by the leaf damage on the treated lines after Liberty applications.  However, 
there were no significant differences in plant height and days-to-heading between the entries treated 
and non-treated (Table 5.11). 
 
Table 5.10.  Comparison of the major agronomic characteristics of backcross lines using Cypress as 
the recurrent parent over two different years of testing. 
Year of test Mean yield 
 (kg/ha) 





2001 6158.0 b 91.5 b 83.9 b 
2002 7043.0 a 87.7 a 91.8 a 
* Means followed by different letters are significantly different at p = 0.05. 
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Table 5.11.  Effects of Liberty application on yield, plant height, and days-to-heading on backcross 





T-test** Mean plant 
height (cm) 




Not treated with 
Liberty 
6945.5 a 89.6 a 87.6 a 
Treated with 
Liberty  
6219.1 b 89.7 a 87.8 a 
* The total number for herbicide treated and non-treated entries was 87 in the 2001 and 2002 field 
tests. 
** Means not followed by the same letter were significantly different at p = 0.05. 
 
5.3.2.2.3 Comparison of Agronomic Characteristics of Backcross Lines, Developed when 
Cypress was Used as the Recurrent Parent, when Lines were Treated with Liberty or not 
Treated with Liberty.  The results of the major characteristics when data from the treated and non-
treated experimental lines was combined, showed that the order of the yield from highest to lowest 
changed (Table 5.12).  For non-treated lines, line 230251 produced the highest yield (8271.7 ka/ha).  
However, after data combination, Cypress, which was never treated with Liberty, became the highest 
yielding entry (7995 kg / ha) along with line 230251 became the second ranking entry (7771.8 kg/ha).  
The difference between these yields was not significant (Table 5.12).  Liberty caused some damage on 
the seedlings (some brown spots found on the leaves after Liberty application), even though the lines 
had the bar gene.  The mean plant heights and days-to-heading were not changed by Liberty 
applications (Table 5.12). 
Table 5.12.  Comparison of the major agronomic characteristics between Cypress and the lines 
developed when Cypress was used as the recurrent parent, with data from entries treated and non-
treated with Liberty in the 2001 and 2002 field tests combined. 
Entries Mean yield 
(kg/ha) 





Cypress 7995.0 a 92.8 b 87.5 c 
230081 5671.7 c 82.2 d 87.7   bc 
230221 6741.1 b 91.6 b 88.7 b 
230251 7771.8 a 100.1 a 87.9   bc 
230281 6699.1 b 93.8 b 88.4   bc 
230408 6558.0  bc 88.3 c 86.3 d 
230413 6278.6  bc 87.6 c 85.3 d 
230420 5799.2  bc 83.1 d 89.9 a 
* Means followed by different letters are significantly different at p = 0.05. 
 
Grain shape is a very important characteristic to growers and to the rice industry.  The mean 
grain length for backcross lines 230221, 230251, and 230420 ranged from 9.3 to 9.6 mm (Table 5.13).  
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This was about the same length as the recurrent parent Cypress (9.4 mm / grain).  The mean grain 
length for lines 230281 and 230403 was about 9.00 mm / grain, which was significantly shorter than 
that of Cypress.  The mean grain lengths for lines 230081 and 230420 were the shortest in this group, 
and was significantly shorter than that of lines 230281 and 230403 (Table 5.13).  The mean grain 
width of lines 230251, and 230413 was 2.7 mm and 3.0 mm respectively, which was significantly 
wider than Cypress (2.5 mm / grain).  There were no significant differences in grain width between the 
other lines and the recurrent parent.  The 1000-grain weight for line 230081 was 21.5 grams, which 
was the lightest among the lines, and significantly lighter than Cypress (25.1 grams / 1000 grains).  
There were no significant differences between the other lines and the recurrent parent in 1000-grain 
weight, although some of them were lighter or heavier than the recurrent parent (Table 5.13). 
The ratio of the grain length to width for Cypress was 3.7, a typical long grain.  The ratio of 
the grain length to the width for line 230413 was 2.9, which was less than 3.0.  Therefore, this line 
would not be considered a typical long-grain type (USA Rice Council et at., 2000).  The ratios of grain 
length to width for the other lines ranged from 3.44 to 3.84, which was more than 3.0.  Those lines 
were typical long-grains (Table 5.13). 
Table 5.13.  Comparison of the major grain characteristics between Cypress and lines developed 
from repeated backcrosses using Cypress as the recurrent parent. Based on grain samples collected 
from the 2001 and 2002 yield tests combined.* 
Entries Mean grain length 
(mm) 
Mean grain width 
(mm) 
Ratio of grain length 
to width 
Mean grain weight 
(grams / 1000 
grains) 
Cypress 9.37a 2.53c 3.70 25.07ab 
230081 8.70c 2.53c 3.44 21.47c 
230221 9.27ab 2.60bc 3.56 24.80b 
230251 9.33ab 2.70b 3.45 25.87ab 
230281 9.03b 2.53c 3.57 24.93b 
230408 9.07b 2.63bc 3.45 25.07ab 
230413 8.80c 3.03a 2.90 26.13a 
230420 9.60a 2.50c 3.84 24.80b 
* Means followed by different letters are significantly different at p = 0.05. 
 
Application of Liberty did not significantly affect the milling characteristics of the backcross 
lines.  After combining the data, there were no significant differences in percentage brown rice and 
percentage whole (head) rice between the backcross lines and Cypress (Table 5.14).  But, total milled 
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rice for line 230221 was 64.11 %, which was significantly lower than Cypress (71.41 %).  The rest of 
the lines were not significantly different in total milled rice than Cypress (Table 5.14). 
Table 5.14.  Comparison of the milling characteristics between Cypress and backcross lines, 
developed from repeated backcrosses using Cypress as the recurrent parent, in the 2001 and 
2002 yield tests.* 
Entries Mean brown rice (%) Mean milled rice 
(%) 
Mean whole rice (%) 
Cypress 79.14a 71.41a 56.91a 
230081 78.69a 66.11ab 56.88a 
230221 77.85a 64.11b 56.55a 
230251 77.83a 64.96ab 57.45a 
230281 78.53a 65.44ab 57.06a 
230408 79.29a 64.79ab 56.32a 
230413 78.25a 68.33ab 55.96a 
230420 78.48a 65.94ab 58.46a 
* Means not followed by the same letter were significantly different at p = 0.05. 
 
All of the seven selected lines were resistant to Liberty.  This indicated that the bar 
gene was successfully transferred into these lines through repeated backcrossing.  The data 
mentioned above also indicated that the phenotypes of the seven selected lines from repeated 
backcrosses when Cypress was used as the recurrent parent were recovered  
5.3.2.3 Results from the Yield Tests with Backcross Lines Developed Using Katy as the 
Recurrent Parent.  With all comparisons of the cultivar Katy and backcross lines please note 
that data from Katy treated with Liberty was never included in comparisons as Liberty always 
killed Katy.  Application of Liberty significantly reduced yields of the backcross lines in 2 
years of field tests.  The average yield of the treated backcross lines was 5755.9 kg / ha, which 
was significantly lower than that of non-treated lines (6698.1 kg / ha).  However, Liberty 
application did not significantly affect plant height and days-to-heading (Table 5.15). 
Table 5.15.  Effect of Liberty application on yield and agronomic characteristics of Katy and the 
backcross lines, developed using Katy as the recurrent parent, in the 2001 and 2002 combined.* 




Treated with Liberty  5755.9b 104.6a 86.5a 
Non-treated with Liberty 6698.1a 104.5a 85.3a 
* Means not followed by the same letter were significantly different at p = 0.05. 
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The effect of year (season) on the major agronomic characteristics of the experimental lines was 
significant (Table 5.16).  The mean yield across the test in 2002 was 7072.2 kg / ha, which was 
significantly higher than in 2001 (5549.1 kg / ha).  The average plant height in 2001 was 108.5 cm, 
which was significantly taller than plant height across the test in 2002 (100.0 cm).  The mean days-to- 
heading in 2001 was 81.4 days, which was significantly shorter than the 91.5 days in 2002 (Table 
5.16). 
Table 5.16.  Comparison of the effect on the major characteristics from the lines using Katy as the 
recurrent parents by years*. 
Test year Mean yield 
(kg/ha) 





2001 5549.1 b 108.5 b 81.4 b 
2002 7072.2 a 100.0 a 91.5 a 
*Means not followed by the same letters were significantly different at p = 0.05. 
Katy was released from Arkansas and had good disease resistance, but it was too tall for 
growers in Louisiana.  Two experimental backcross lines were selected from the progeny rows when 
Katy was used as the recurrent parent.  The lines did not show very good agronomic characteristics.  
Experimental line 230041 produced 7853.3 kg /ha yield, which was significantly higher than the yield 
of the recurrent parent Katy (6595.8 kg/ha).  However, this line was too tall, with a mean plant height 
of 116.0 cm from the yield tests of 2001 and 2002.  It was significantly taller than Katy (103.6 cm).  
The mean height of experimental line 230026 was 95.6 cm, significantly shorter than Katy (103.6 cm), 
but it did not yield well (5707.8 kg/ha) in the plots not treated with Liberty (Table 5.17).  
Table 5.17. Comparison of agronomic characteristics between Katy and two backcross lines 
developed using Katy as the recurrent parent in 2001 and 2002 combined. 
Entries Mean yield 
(kg/ha) 





Katy 6595.8 b 103.6 b 88.4 a 
230041 7853.3 a 116.0 a 86.7 a 
230026 5707.8 c 94.6 c 84.2 b 
* Means not followed by the same letter were significantly different at p = 0.05. 
 
 Significant effects of Liberty application on yield had been observed in the 2 years of yield 
testing.  An analysis of the combination of data from treated and non-treated backcross lines showed 
that experimental line 230041 still produced the highest yield (7853.3 kg / ha).  The experimental line 
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230026 had the lowest yield.  The line with the tallest plant height among the test entries was 230041 
(116.8 cm), which was significantly taller than Katy (103.6 cm).  Line 230026 was the shortest line at 
94.0 cm, which was significantly shorter than Katy (Table 5.18). 
Table 5.18.  Comparison of major agronomic characteristics between Katy and the combined 
treated and non-treated backcross line data from the 2001 and 2002 combined. 
Entries Mean yield 
(kg/ha) 





Katy 6595.8 b 103.6 b 88.4 a 
230041 7610.9 a 116.8 a 87.0 a 
230026 5040.8 c 94.0 c 85.0 a 
* Means not followed by the same letter were significantly different at p = 0.05. 
 The mean grain length of line 230026 was 8.33 mm, which was significantly shorter than the 
length of Katy (9.00 mm).  The mean grain length for Line 230041 was 9.5 mm, longer than the 
recurrent parent, but the differences in grain length were not significant (Table 5.19).  The 1000-grain 
weight of line 230041 was 24.0g, which was significantly heavier than that of line 230026 (22.7g).  
There was not a significant difference between the line 1000 grain weights and the 1000 grain weight 
of Katy (Table 5.19).  The two lines would be considered typical long-grains based on their grain 
length to grain width ratios (Table 5.19). 
Table 5.19.  Comparison of major grain characteristics between Katy and the two backcross lines 
selected from backcrosses progeny rows, using Katy as the recurrent parent, utilizing grain from 
the 2001 and 2002 yield tests.* 
Entries Mean grain length 
(mm) 
Mean grain width 
(mm) 
Ratio of grain 
length to width 
Mean grain weight  
(g / 1000 grains) 
Katy 9.00a 2.50a 3.60 22.80ab 
230041 9.50a 2.56a 3.71 24.00a 
230026 8.33b 2.50a 3.33 22.68b 
   * Means followed by different letters were significantly different at p = 0.05. 
 
 There were no significant differences in percentage brown rice among the three entries (Table 
5.20).  The total milled rice produced by line 230041 was 70.5 %, which was significantly higher than 
that of Katy (62.8 %) and line 230026 (61.6 %).  There was no significant difference in total milled 
rice between line 230026 and Katy (Table 5.20).  The whole (head) rice from line 230041 was 63.7 %, 
which was significantly higher than that of Katy or of line 230026 (Table 5.20). 
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Table 5.20.  Comparison of milling data among Katy and two backcross lines derived using Katy 
as the recurrent parent in 2001 and 2002 yield tests. 
Entries Mean brown rice 
(%) 
T test* Mean milled rice 
(%) 
T test* Mean whole 
rice (%) 
T test* 
Katy 76.4 a 62.8 b 56.9 b 
230041 78.5 a 70.5 a 63.7 a 
230026 77.9 a  61.6 b 50.2 c 
    * Means not followed by the same letter were significantly different at p = 0.05. 
 
 These two selected lines were also resistant to Liberty herbicide.  The data indicated that the 
bar gene was successfully transferred into the two selected lines through repeated backcrosses when 
Katy was used as the recurrent parent, and there also were no significant different in the major 
agronomic characteristics, except plant height, between line 230041 and Katy.   
5.3.2.4 Results from the Yield Tests Comparing Five Backcross Lines Developed Using Lafitte as 
the Recurrent Parent.  As with the other experimental lines, Liberty applications significantly 
reduced the yield of backcross lines developed using Lafitte as the recurrent parent in the 2001 and 
2002 yield tests.  The mean yield of lines receiving Liberty application was 5444.3 kg/ha, which was 
significantly lower than the yield in the absence of Liberty applications (6479.2 kg / ha) (Table 5.21).  
There were no significant effects on plant height and days-to-heading between lines treated with the 
Liberty and lines not treated with Liberty (Table 5.21). 
Table 5.21.  Effect of Liberty application on yield and agronomic characteristics of backcross lines 
developed by selecting from repeated backcrosses using Lafitte as the recurrent parent, in the 2001 
and 2002 combined.* 




Treated with Liberty  5444.3b 89.4a 82.5a 
Not treated with Liberty 6479.2a 89.3a 82.0a 
* Means not followed by the same letter were significantly different at p = 0.05. 
 There was not a significant difference in yield between years.  The mean yields in 2001 and in 
2002 were 6114.2 kg/ha and 5865.4 kg/ha, respectively (Table 5.22).  There were significant 
differences in plant height and days-to-heading between years (Table 5.22). 
 Lafitte is a medium grain cultivar, which is similar in grain shape to the bar gene donor 
parents Taipei 309 and Nipponbare.  The average yields from the selected backcross lines varied from 
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Table 5.22.  Year effect on yield and agronomic characteristics of two lines from the repeated 
backcrosses using Lafitte as the recurrent parent in 2001 and 2002. 
Year of test Mean yield 
(kg/ha) 
T-test* Mean plant 
height (cm) 
T-test* Mean days-to-
heading (days)  
T-test* 
2001 6114.2 a 92.7 a 79.1 b 
2002 5865.4 a 86.3 b 85.5 a 
* Mean values not followed by the same letter were significantly different at p = 0.05. 
 
5923.6 kg /ha to 7210.9 kg / ha (Table 5.23).  The yield of line 230643 was 7210.9 kg / ha, which was 
the highest line and significantly higher than Lafitte (6158.8 kg / ha).  There was not a significant 
difference in yields between Lafitte and the other tested lines (Table 5.23).  There were significant 
differences in plant height among the test lines.  The plant height of experimental line 230643 was 
96.6 cm, which was significantly taller than the other lines and Lafitte.  The days-to-heading varied 
considerably.  Experimental line 230629 had 79.2 days from planting to heading, which was 
significantly lower than the rest of the backcross lines were.  Experimental lines 230643 and 231809 
had about the same heading time, and lines 230485, 230706, and Lafitte had about the same time to 
heading (Table 5.23).  
Table 5.23.  Comparison of yield and agronomic characteristics between Lafitte and five backcross 
lines selected from repeated backcrosses using Lafitte as the recurrent parent in the 2001 and 2002. 
 Entries Mean yield 
(kg/ha) 





Lafitte 6158.8 b 89.8 b 83.8 a 
230485 6046.4 b 89.5 b 84.0 a 
230629 6359.9 ab 88.2 b 79.2 c 
230643 7210.9 a 96.6 a 81.1 b 
230706 5923.6 b 82.7 b 83.8 a 
231809 6020.5 b 87.0 b 81.5 b 
* Mean values not followed by the same letter were significantly different at p = 0.05. 
  
 When yield data obtained with Liberty treatment or non-treatment of the lines were combined, 
the yield from experimental line 230643 was 6765.1 kg / ha, which was the highest mean line yield 
and higher than the yield of Lafitte (6158.8 kg / ha).  However, these yield differences were not 
significant.  Four of the lines produced yields that were not significantly different from the yield of 
Lafitte while yield of one line was lower (Table 5.24).  This was in spite of half the plots of each line 
being sprayed with Liberty.  Data from sprayed Lafitte plots were not used, as application of Liberty 
killed non-transformed Lafitte.  The plant height also varied among the backcross lines, but most of 
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the line heights were not significantly different from the height of Lafitte (Table 5.24).  The days-to-
heading of Lafitte was 83.8 days, which was significantly longer than for lines 230643 (81.4 days), 
231809 (81.6 days), and 230629 (79.2 days) (Table 5.24). 
Table 5.24.  Comparison of yield and agronomic characteristics between Lafitte and the combined 
data from lines treated and non-treated with Liberty in the 2001 and 2002. 
 Entries Mean yield 
(kg/ha) 





Lafitte 6158.8 a 89.8 b 83.8 a 
230485 5133.7  b 89.3 b 84.4 a 
230629 5746.3   ab 87.9 bc 79.2 c 
230643 6765.1  a 96.6 a 81.4 b 
230706 5613.4   ab 83.1 d 84.4 a 
231809 6320.6   ab 86.4 c 81.6 b 
* Mean values not followed by the same letter were significantly different at p = 0.05. 
There was no significant difference in grain length between Lafitte and the backcross lines 
developed using Lafitte as the recurrent parent.  Also, there wasn’t a significant difference in grain 
width between the lines and Lafitte.  The 1000-grain weight of lines 230706, 230485, 230643, and 
231809 were significantly lighter than that of Lafitte (24.9 grams / 1000-grains).  There was not a 
significant difference in 1000-grain weight between Lafitte and line 230629 (Table 5.25).  The ratios 
of grain length to width for all of the tested entries were between 2.0 and 2.9 (Table 5.25).  All of the 
lines developed using Lafitte as the recurrent parent were typical medium grain types. 
Table 5.25.  Comparison of grain characteristics between the cultivar Lafitte and backcross lines 
selected from repeated backcrosses using Lafitte as the recurrent parent in 2001 and 2002 yield tests. 






T test* Ratio of grain 
length to width 
Grain weight 
(g / 1000 
grains) 
T test* 
Lafitte 7.90 a 3.03 a 2.34 24.93 a 
230485 7.73 a 3.00 a 2.58 23.79 b 
230629 7.80 a 3.00 a 2.60 24.80 a 
230643 8.07 a 2.77 a 2.91 23.47 b 
230706 7.87 a 3.00 a 2.62 22.93 b 
231809 7.67 a 3.00 a 2.56 23.60 b 
* Mean values not followed by the same letters were significantly different at p = 0.05. 
 
 There was not a significant difference in percentage brown rice or total milled rice between 
Lafitte and the backcross lines (Table 5.26).  The percentage whole (head) rice of line 230706 was 
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52.9, which was significantly lower than that of Lafitte (59.7 %).  The percentage whole rice for the 
other backcross lines was not significantly different from Lafitte (Table 5.26). 
Table 5.26.  Comparison of the milling data between Lafitte and the backcross lines developed 
through repeated crosses using Lafitte as the recurrent parent in the 2001 and 2002 yield tests. 
Entries Mean brown 
rice (%) 
T test* Mean milled rice 
(%) 
T test* Mean whole 
rice (%) 
T test* 
Lafitte 77.69 a 66.67 ab 59.66 a 
230485 76.98 a 66.25 ab 57.75 ab 
230629 78.60 a 71.38 a 58.20 a 
230643 77.89 a 66.76 ab 56.12 ab 
230706 77.37 a 62.63 b 52.91 b 
231809 77.75 a 69.76 a 57.34 ab 
* Mean values not followed by the same letters were significantly different at p = 0.05. 
 
 The data from field progeny rows and 2 years of yield tests indicated that all five of these 
selected lines were resistant to Liberty.  Suggesting that these lines had the bar gene.  Liberty 
resistance was later confirmed by PCR.  It appears that repeated backcrosses using Lafitte as the 
recurrent parent recovered the major agronomic characteristics of Lafitte with the addition of Liberty 
resistance. 
5.3.2.5 Results from Yield Tests Conducted in 2001 and 2002 Using Backcross Lines Developed 
with Lemont as the Recurrent Parent.  Only one backcross line, 230063, was selected from the 
repeated backcrosses and used as the experimental line in the 2001 and 2002 yield tests.  Liberty 
application significantly reduced yield.  The mean yield following Liberty herbicide application in 
2001 and 2002 was 6295.5 kg/ha, which was significantly lower than the mean yield without Liberty 
application (6908.5 kg / ha) (Table 5.27).  There were no significant differences in plant height and 
days-to-heading between the line with or without Liberty treatment. 
Table 5.27.  Effect of Liberty application on yield and agronomic characteristics of the test line, 
selected from repeated backcrosses using Lemont as the recurrent parent, in 2001 and 2002 yield 
tests.* 




Treated with Liberty  6295.5a 91.0a 87.2a 
Not treated with Liberty 6908.5b 92.4a 86.2a 
   * Means not followed by the same letter were significantly different at p = 0.05. 
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 The mean yield for the two test entries, a backcross line and the Lemont cultivar, varied over 
the 2 years of tests.  In 2001, the average yield was 5759.4 kg/ha, which was significantly lower than 
that in 2002 (7069.5 kg/ha).  The average plant height in 2001 was 93.0 cm, which was significantly 
taller than that in 2002 (86.9 cm).  The average days-to-heading in 2001 was 82.1 days, which was 
significantly shorter than that in 2002 (91.8 days) (Table 5.28). 
Table 5.28.  Year effect on yield and agronomic characteristics of the test lines from the repeated 
backcrosses using Lemont as the recurrent parent in the field tests of 2001 and 2002. 
Test years Mean yield 
(kg/ha) 





2001 5759.4 b 93.0 a 82.1 b 
2002 7069.5 a 86.9 b 91.8 a 
    * Mean values not followed by the same letter were significantly different at p = 0.05. 
 
 The mean yield from line 230063, without Liberty application, was 6908.5 kg/ha for 2001 and 
2002 combined which was not significantly different.  This was higher than Lemont (6320.4 kg/ ha).  
However, difference was not significant.  There was no significant difference in days-to-heading 
between experimental line 230063 and Lemont.  However, there was a significant difference in plant 
height (Table 5.29).  
Table 5.29.  Comparison of yield and agronomic characteristics between Lemont and a line, selected 
from repeated backcrosses using Lemont as the recurrent parents, in the 2001 and 2002 yield tests. 
Entries Mean yield 
(kg/ha) 





Lemont 6320.4 a 86.0 b 89.0 a 
230063 6908.5 a 92.4 a 86.2 a 
    * Mean values not followed by the same letter were significantly different at p = 0.05. 
 
 Backcross line 230063 from the repeated backcrosses with Lemont, had no significant 
differences in yield or days-to-heading from Lemont  (Table 5.30).  However, the height of line 
230063 was significantly taller than that of Lemont. 
Table 5.30.  Comparison of yield and agronomic characteristics between Lemont and line 230063 
after combining of Liberty treated and non-treated data from the 2001 and 2002 field yield tests. 
Entries Mean yield 
(kg/ha) 





Lemont 6320.4 a 86.0 b 89.0 a 
230063 6602.1 a 91.7 a 86.7 a 
    * Mean values not followed by the same letter were significantly different at p = 0.05. 
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There were no significant differences in grain length and grain weight between line 230063 
and Lemont.  The mean grain width of line 230063 was 2.93 mm, which was significantly wider than 
that of Lemont (2.57 mm).  The grain of line 230063 was probably too wide for the rice industry, even 
though its grain length to width ratio was 3.25, which would be classified as a long-grain (Table 5.31). 
Table 5.31.  Comparison of grain characteristics between Lemont and backcross line 230063, 
developed by repeated backcrosses using Lemont as the recurrent parent, in the 2001 and 2002 yield 
tests. 
Entries Mean grain 
length (mm) 







Grain weight (g / 
1000 grains) 
T test* 
Lemont 9.43 a 2.57 b 3.67 27.87 a 
230063 9.53 a 2.93 a 3.25 28.93 a 
    * Mean values not followed by the same letter were significantly different at p = 0.05. 
 
The percentage whole rice from line 230063 after milling was 52.9, which was significantly 
lower than that of Lemont (56.4 %) (Table 5.32).  There were no significant differences in percentages 
for brown rice and total milled rice between Lemont and line 230063. 
Table 5.32.  Comparison of the milling data between Lemont and backcross line 230063, selected 
from the repeated crosses using Lemont as the recurrent parent, in the 2001 and 2002 yield tests. 
Entries Mean brown rice 
(%) 
T test* Mean milled 
rice (%) 
T test* Mean whole 
rice (%) 
T test* 
Lemont 78.26 a 63.04 a 56.43 a 
230063 79.27 a 67.91 a 52.93 b 
    * Mean values not followed by the same letter were significantly different at p = 0.05. 
 
Line 230063 was resistant to Liberty herbicide based on data from the progeny row and 2 
years of yield tests.  This suggested that the bar gene was present in line 230063.  The results also 
indicated that the major agronomic characteristics for the recurrent parent Lemont were recovered in 
line 230063. 
5.3.2.6 Comparison of Two Backcross Lines Selected with Maybelle was Used as the Recurrent 
Parent.  Liberty applications significantly reduced the yield of the backcross lines.  The lines without 
Liberty sprays yielded a combined mean of 6788.7 kg / ha over two years, which was significantly 
higher than the lines with the Liberty treatment (5930.7 kg / ha) (Table 5.33).  There were no 
significant differences in plant height and days-to-heading between the lines with Liberty treatment 
and the lines without Liberty treatment. 
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Table 5.33.  Effect of Liberty application on yield and agronomic characteristics of two backcross 
lines combined, derived from repeated backcrosses using Maybelle as the recurrent parent, in 2001 
and 2002 yield tests.* 




Treated with Liberty  5930.7b 96.1a 73.5a 
Non-treated with Liberty 6788.7a 97.0a 72.5a 
    * Mean values not followed by the same letter were significantly different at p = 0.05. 
 There were significant effects of year (growing season) on yield and agronomic characteristics 
of the two backcross lines compared to Maybelle cultivar (Table 5.34).  In 2001, the mean yield across 
entries was 5891.6 kg/ha, which was significantly lower than that in 2002 (6806.9 kg/ha).  The Mean 
plant height in 2001 was 99.2cm, which was significantly taller than that in 2002 (93.0cm).  The 
average days-to- heading in 2001 was 71.7 days, which was significantly shorter than that in 2002 
(74.1 days). 
Table 5.34.  Effect of test year on yield and agronomic characteristics of the backcross lines 
combined, selected by repeated backcrosses using Maybelle as the recurrent parent, in 2001 and 
2002 yield tests. 
Test year Mean yield 
(kg/ha) 





2001 5891.6 b 99.2 a 71.7 b 
2002 6806.9 a 93.0 b 74.1 a 
    * Mean values not followed by the same letter were significantly different at p = 0.05. 
Two backcross lines from the repeated backcrosses using Maybelle as the recurrent parent 
were selected and put into the yield tests in 2001 and 2002.  Although both lines out-yielded Maybelle, 
the yield increases were not significant (Table 5.35).  The plant height of line 230106 was 98.3 cm, 
which was significantly taller than that of Maybelle (94.3 cm).  There was not a significant difference 
in plant height between line 230111 and Maybelle.  The days-to-heading for the lines was not 
significantly different from that of the Maybelle control (Table 5.35). 
Table 5.35.  Comparison of yield and agronomic characteristics between Maybelle and two 
backcross lines, developed using Maybelle as the recurrent parent, in 2001 and 2002 yield tests. 
Entries Mean yield 
(kg/ha) 





Maybelle 6307.5 a 94.3 b 72.2 ab 
230106 6836.9 a 98.3 a 70.2 b 
230111 6740.5 a 95.2 ab 73.8 a 
    * Mean values not followed by the same letter were significantly different at p = 0.05. 
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 The results from the combination of data from the Liberty sprayed treatments and non-treated 
plots for the same line indicated that there were no significant differences in yield between the lines 
and Maybelle (Table 5.36).  The plant height of line 230106 was 98.3 cm, which was significantly 
taller than Maybelle (94.3 cm).  There was no significant difference in plant height between Maybelle 
and line 230111 (Table 5.36).  The days-to-heading for line 230111 were significantly longer than that 
of Maybelle and line 230106 (Table 5.36). 
Table 5.36.  Comparison of yield and agronomic characteristics between Maybelle and lines from 
the repeated backcrosses with the combination of treated and non-treated lines using Maybelle as the 
recurrent parents in the field yield tests of 2001 and 2002. 
Entries Mean yield 
(kg/ha) 





Maybelle 6307.5 a 94.3 b 72.2 b 
230106 6291.9 a 98.3 a 71.2 b 
230111 6427.3 a 94.8 b 74.9 a 
    * Means not followed by the same letter were significantly different at p = 0.05. 
 
There were no significant differences in grain length among the two lines and Maybelle (Table 
5.37).  The grain width of both lines was significantly wider than that of Maybelle (2.53 mm).  The 
two selected lines were typical long grain types based on the ratio of grain length to grain width. 
Table 5.37.  Comparison between Maybelle and two lines, selected from repeated backcrosses using 
Maybelle as the recurrent parent, for major grain characteristics. The grain was harvested from the 
yield tests conducted in 2001 and 2002. 
Entries Mean grain 
length (mm) 
T test* Mean grain 
width (mm) 
T test* Ratio of grain 
length to width 
Grain weight 
(g / 1000 
grains) 
T test* 
Maybelle 8.73 a 2.53 b 3.45 22.67 a 
230106 8.87 a 2.87 a 3.09 23.47 a 
230111 9.00 a 2.77 a 3.25 22.80 a 
     * Mean values not followed by the same letter were significantly different at p = 0.05. 
 
 The percentage brown rice produced by milled Maybelle was 78.8, which was significantly 
lower than that of lines 230106 (80.2 %) and 230111 (80.2 %) (Table 5.38).  There were no significant 
differences in total milled rice between the lines and Maybelle.  The percentage whole rice of these 
two lines was less than 50 %, which was significantly lower than that of Maybelle (Table 5.38).  
 Both 230106 and 230111 were resistant to Liberty based on the results of progeny row 
selection tests and 2 years of yield tests.  This suggested that these two backcross lines contained the 
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Table 5.38.  Comparison of the milling data between Maybelle and two lines, selected from repeated 
backcrosses using Maybelle as the recurrent parent, in the 2001 and 2002 yield tests. 
Entries Mean brown 
rice (%) 
T-test* Mean milled rice 
 (%) 
T-test* Mean whole 
rice (%) 
T-test* 
Maybelle 78.8 b 68.3 a 56.2 a 
230106 80.2 a 71.0 a 49.0 b 
230111 80.2 a 70.5 a 48.1 b 
    * Mean values not followed by the same letter were significantly different at p = 0.05. 
 
bar gene.  The results from 2 years of yield tests also indicated that the major agronomic 
characteristics of the recurrent parent Maybelle were recovered in lines 230106 and 230111. 
5.3.3 Proving the Existence of Bar Genes in the Elite Lines from the Repeated Backcrosses 
 
Repeated application of Liberty in field selection tests conducted from 1997 to 2002 and in 2 
years of yield tests conducted in 2001 and 2002 with Liberty applications, showed that the backcross 
lines were resistant to Liberty (Figures 5.1 and 5.2). 
 PCR evaluation of leaf blade samples from the Liberty resistant entries from the yield tests 
indicated that the bar gene was present in the experimental lines.  No gene amplification band was 
identified for any of the non-transgenic recurrent parents, including Cypress, Lafitte, Lemont, 
Maybelle, and Katy (Figures 5.3 and 5.4).  PCR reactions for lines 230081, 230221,230225,230281, 
230408,230413, and 230420 from the repeated backcrosses using Cypress as the recurrent parent, and 
lines 230485, 230629, and 230643 developed using Lafitte as the recurrent parent, line 230063 
developed using Lemont as the recurrent parent, and line 230026 developed using Katy as the 
recurrent parent were all positive for the bar gene.  Also, the two bar gene donor parents N-84 and T-
64-D were positive.  The bar gene in these lines could be amplified and expressed through PCR 
(Figures 5.3 and 5.4). 
5.3. 4 Injury to Transgenic Rice Plants Caused by Liberty Applications 
 
The Liberty herbicide formulation, with and without the active ingredient, has the potential to 
cause damage on transgenic rice.  Part of the damage may come from the inactive ingredient portion of 










Figure 5.1.  Field reactions of a recurrent parent and lines from repeated backcrosses, in 
progeny rows, to Liberty 5 days after herbicide application. Dead plants were the recurrent 


















Figure 5.2.  Field reactions of a recurrent parent and lines from repeated backcrosses in a yield test 
14 days after Liberty application.  The plants in the empty plot died after Liberty application.  The 
green plants were resistant and survived after Liberty application.  
 

























Figure 5.3.  PCR analysis for bar genes in lines from repeated backcrosses.  Lanes 1: 
1 Kb molecular marker; lane 2: non-transgenic recurrent parent Cypress; lanes 3 to 9 
represent experimental lanes 230081, 2300221, 230281, 230251, 230408, 230413, and 
230420; lanes 10 and 11 refer to their transgenic parents N-84 and T-64-D.  Lane 12 


























Figure 5.4.  PCR analysis of lines selected from repeated backcrosses and non-transgenic 
cultivars used as recurrent parents in the backcross program. Line 1: molecular marker; lane 2 
is negative control; lanes 3 to 5 contain lanes 230485, 230629, and 230643; lane 6 refers to 
non-transgenic Lafitte; lanes 7 to 8 refer to lanes 230026 and 230063; lanes 9 to 11 refer to 
non-transgenic Katy, Lemont, and Maybelle. 
 
planted in the greenhouse during the winter of 2001, and four Liberty herbicide and four Liberty 
inactive ingredient solution concentrations, 150 ppm (0.171 kg / ha), 450 ppm (0.513 kg / ha), 750 
ppm (0.855 kg / ha), and 1500 ppm (1.71 kg / ha) for both Liberty herbicide and its inactive ingredient 
solution, were sprayed onto 5-leaf-stage seedlings.  The Liberty inactive ingredient solution produced 
leaf discoloration on both non-transgenic plants and transgenic rice plants at 750 and 1500 ppm (L3 
and L4 in Figure 5.5).  The Liberty formulation sprayed at the same rates as its inactive ingredient 
solution produced leaf the same leaf blade discolorations on transgenic rice plants (L2 and L3 in 
pictures C and D of Figure 5.5).  Leaf damage was not evident when the application rate was low (450 
ppm or less) (Figure 5.5).  Leaf damage increased on transgenic plants with increasing concentrations 
with both Liberty herbicide active ingredient and its inactive ingredient solution (L2 and L3 in Figure 
5.5).  With increasing levels of Liberty inactive ingredient solution, the leaf discoloration on non-
transgenic plants became more severe (L4 in Figure 5.5).  
Leaf discoloration also was observed in progeny rows 3 days after Liberty herbicide 
application when Liberty was applied at a rate of 2.10 kg / ha (leaf arrowed on picture A of Figure 
5.7).  Panicle discoloration also was observed when Liberty was applied at rates of 0.855 kg / ha or 
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higher on transgenic rice at the heading stage (panicle arrowed on pictures B and C of Figure 5.7).  




The general principle for the use of repeated backcrosses is that the recurrent parent will not 
be improved except for the character of interest transferred from the donor parent.  It has been 
demonstrated that repeated backcrossing is an effect way to transfer the target character to the 
recurrent parent (Shao et al., 1991; Yan et al., 1991).  The character to be transferred from the donor 
parent must have a simple mode-of- inheritance.  If the character is controlled by a single dominant  
 Figure 5.5.  Leaf damage on transgenic and non-transgenic rice plants treated with active and 
 inactive Liberty herbicide ingredients in greenhouse tests.  L1 refers to a healthy leaf without 
 Liberty herbicide treatments; L2 refers to treated transgenic rice with Liberty active 
 ingredient on the top left corner; L3 refers to treated transgenic rice using the Liberty inactive 
 ingredient concentrated on the top left corner; L4 refers to non-transgenic rice treated with 
 the Liberty inactive ingredient on the top left corner. 
150 450 pppm pm
L4 L4L1      L2      L3         L1      L2           L3           
750 ppm 1500 ppm
L1        L2       L3          L1       L2            L3        L4 L4
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Figure 5.6.  Leaf damage on transgenic seedlings in a yield test after Liberty application in 
2002 at the Rice Research Station in Crowley, LA.  Picture A shows healthy plants without 
Liberty application. Picture B shows the leaf symptoms 7 days after Liberty application.  
Picture C shows leaf symptoms 3 days after Liberty application (left) compared to healthy 
leaves (right).  Picture D shows a Liberty treated plot (left) compared to the non-treated plot 
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Figure 5.7.  Damage on leaves from progeny rows and on panicles when Liberty herbicide was 
applied at the heading stage on transgenic Cypress. Picture A shows leaf discoloration 7 days 
after Liberty application at 2.10 kg/ha. Picture B shows panicle damage when 0.85 kg / ha 
Liberty was applied on transgenic Cypress at the heading stage. Picture C shows panicle 
damage when 1.14 kg / ha Liberty was applied on transgenic Cypress at the heading stage.  
Picture D shows damaged panicles at maturity. 
 
gene, it is relatively easy to transfer the gene into the recurrent parent.  However, if it is controlled by 
polygenes, it is not a good method.   
Three transgenic lines T-28-E, T-64-D, and T-64 from Taipei 309, and N-84 from 
Nipponbare, were used as Liberty resistance sources and donor parents.  The commercial rice cultivars 
Cypress, Katy, Lemont, Lafitte, and Maybelle, were used as the recurrent parents.  The results from 
progeny row selections and 2 years of field tests indicated that the primary phenotypes of the recurrent 
parents could be recovered after three to five repeated backcrosses, and the Liberty resistance gene 
was transferred into the selected lines.  Comparison of the data collected on the major agronomic 
characteristics among lines generated from different generations of repeated backcrosses in the field 
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test of 2000 indicated that phenotypes of the selected lines changed gradually, and generally the 
phenotypes of lines from BC3 were very similar to the recurrent parents (Tables 5.4 and 5.5).  This was 
also confirmed in 2 years of yield tests.  When Cypress was used as the recurrent parent, all seven 
selected lines were resistant to Liberty, and lines 230221 and 230251 had very similar phenotypes in 
yield potential, plant height, days-to-heading, grain length, grain width, 1000-grain weight, total 
brown rice, total milled rice, and whole rice with Cypress (Table 5.9, Tables 5.12 to 5.14, Figure 5.8).  
When Katy was used as the recurrent parent, line 230041 had the bar gene and showed similar 
phenotypic characteristics, except for plant height, when compared with Katy (Table 5.17 to 5.20).  
When Lafitte was used the recurrent parent, the five selected backcross lines, 230485, 230629, 
230643, 230706, and 231809, were resistant to Liberty, and their phenotypes in all of the investigated 
characteristics were close to that of the recurrent parent (Table 5.23 to 5.26).  When Lemont was used 
as the recurrent parent, one line, 230063, was selected from the repeated backcrosses.  Data collected 
from the yield tests showed that there were no significant different in yield potential, days-to-heading, 
grain length, 1000-grain weight, brown rice, and milled rice (Table 5.29 to 5.32).  When Maybelle was 
used as the recurrent parent, backcross lines 230106 and 230111 were resistant to Liberty herbicide 
and showed very similar phenotypes when the major agronomic characteristics were considered (Table 
5.35 to 5.38). When a “similar phenotype” was indicated, that meant that there were no or few 
significant differences among the lines and the recurrent parents for the characteristics measured. 
 The genetic background of the recurrent parent is not usually considered when the repeated 
backcross method is used for gene transfer from the donor parent to the recurrent parent.  In actuality, 
the genetic background may have major effects on the phenotypes of the lines selected from repeated 
backcrosses.  This method using the same donor parent, but different recurrent parents, will produce 
different results.  In other words, the efficacies for the backcross line selection are different.  The 
results from the 2 years of comparative experimental tests showed clearly that the ease of selection of 

















Figure 5.8.  Cypress and some lines selected in the repeated backcrosses program using Cypress as 
the recurrent parent.  Line 230251 produced the highest yields in our test, but there were no other 
significant differences among Cypress, 230251, and 230281.  There were significant differences 
between Cypress and line 230081 for some characteristics. 
 
Backcross line selection when Cypress and Lafitte were used as the recurrent parents was easier than 
when the other cultivars were used as the recurrent parents.  The experimental lines 230251 and 
230281, which came from repeated backcrossing using Cypress as the recurrent parent, had 
phenotypes very similar to the phenotypes of Cypress.  The phenotype of line 230643 was very similar 
to the phenotype of its recurrent parent Lafitte.  However, when using the other three recurrent parents 
it was more difficult to select backcross lines with the phenotype of the recurrent parent. 
It is possible for breeders to select backcross lines that have better characteristics than the 
recurrent parent following repeated backcrosses.  Especially when the recurrent parent has major 
character deficiencies besides the one controlled by the target gene.  Katy was this type of recurrent 
parent.  Katy was susceptible to Liberty herbicide because it lacked the bar gene, but it was also too 
tall for rice growers.  Several shorter backcross lines with the bar gene were selected from the 
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repeated backcrosses.  Line 230026 was just 94 cm in height, which was significantly shorter than 
Katy.  Unfortunately, its tillering was poor, so the line did not yield well.  But, if lines with better 
tillering and the bar gene were selected from their progenies, there was a chance to obtain resistant 
lines with more favorable height characteristics.  Liberty’s active ingredient is glufosinate-ammonium, 
which can cause the accumulation of ammonia in plants by restricting the enzyme glutamine 
synthetase.  The bar gene encodes the phosphinothricin acetyl transferase, which leads to chemical 
inactivation of glufosinate ammonium.   
The yields from two years of yield tests conducted in 2001 and 2002 showed that plots not 
sprayed with Liberty yielded significantly higher than sprayed plots did, even though the plants were 
resistant to Liberty.  Leaf discoloration was also observed after Liberty application on the leaves of 
resistant plants, but the plants did not die.  The results from greenhouse tests showed that the Liberty 
inactive ingredient solution also caused leaf discoloration on both non-transgenic and transgenic 
plants.  The Liberty herbicide formulation caused the same leaf discoloration when the same 
concentration was applied to transgenic plants.  It is possible that some of the loss following 
application of Liberty may be caused by inactive ingredients in the formulation.  Damage from 





THE POTENTIAL FOR USING LIBERTY HERBICIDE AS A FUNGICIDE 




The active ingredient of Liberty herbicide is butanoic acid, 2-amino-4-
(hydroxymethylphosphinyl)-monoammonium salt (common name = glufosinate-ammonium or 
phosphinothricin).  This compound, which is a general toxin against plants and has antibiotic 
properties, is produced by Streptomyces viridochromogenes and S. hygroscopicus.  It has been 
developed commercially as a broad spectrum herbicide.  Uchimiya et al. (1993) observed the 
suppression of sheath blight symptoms when bialaphos was applied to transgenic rice plants which had 
been inoculated with Thanatephorus cucumeris (Frank) Donk. (Rhizoctonia. solani Kuhn) AG1-1A  2 
days before treatment with the herbicide.  Ahmad et al. (1995) pointed out that phosphinothricin is 
inhibitory in vitro to antagonistic soil microorganisms including Bacillus subtilis, Pseudominas 
flourescens, many species of Trichoderma, and certain plant pathogenic fungi, such as R. solani and 
Sclerotinia sclerotiorum Lib.  However, the plant pathogens Fusarium oxysporum Schlecht ex Fries fs. 
Lycopersici (Sacc.) and Pythium aphanidermatum (Edson) Fitzp. were highly resistant to 
phosphinothricin.  Tada et al. (1996) reported that pretreatment of plants with bialaphos 1 day before 
inoculation Pyricularia grisea Sacc. suppressed disease symptoms to 20% of that in the control when 
transgenic rice plants with the bar gene was used as the test materials in an incubation chamber.  Their 
research focused only on demonstrating in vitro activity of the compound.  The effect of glufosinate 
ammonium on the development of other significant pathogens on rice has not been reported.  Virtually 
no information is available on rates and timing of applications and on the effects of Liberty on the 
transgenic rice at concentrations required to control pathogens.  No report concerning the effects of the 
surfactant materials in the Liberty formulation on plant pathogens and plants has been published.  Our 
first objection in this research was to conduct in vitro tests to determine the activity of Liberty against 
major rice pathogens.  This also would provide information necessary for field tests, including the 
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spectrum of activity against rice pathogens and potential rates for field application of the pesticide. 
The Liberty formulation without the active ingredient also was tested. 
Rice is one of the major field crops in the world.  French explorers led by Bienville first 
introduced rice into Louisiana in 1718.  The production of rice was limited for the next 150 years 
(Linscombe et al., 1999).  For many decades rice has been among the top cash crops produced in 
Louisiana.  Rice production supports an infrastructure of storage, processing, transportation and 
agricultural supply industries larger than that of many other agricultural commodities produced in the 
state (Johnson et al., 1999).  Rice blast and sheath blight, caused by P. grisea and R. solani, 
respectively, are the two most important fungal diseases on rice in Louisiana and around the world.  
Rice sheath blight is the number one rice disease in Louisiana (Lee et al., 1983; Groth et al., 1993).  
Based on the in vitro tests and other researchers’ results, it was demonstrated that glufosinate 
ammonium can restrict the hyphal growth of R. solani in vitro.  Transgenic rice plants with the bar 
gene are considered resistant to Liberty herbicide.  This provides a model system to test the fungicidal 
potential of Liberty against fungal rice pathogens on the plants in the field.  Therefore, the second 
objection of this research was to study the potential for using Liberty as a fungicide in rice fields, and 
if it shows potential as a pesticide for controlling plant disease, developing the necessary rate and 
timing information.  
 Knowledge about how Liberty affects hyphal growth would be helpful for our understanding 
of how to use this chemical against pathogens in rice fields.  It was thought that the penetration of the 
fungal hyphae into leaf tissues of transgenic plants was prevented when the bialaphos was applied to 
the transgenic plant before fungal infection in a greenhouse test (Uchimiya et at., 1993).  This implied 
that the mechanism might be preventive, but this has not been demonstrated conclusively.  There is no 
report on histological observation of hyphal growth on PDA (potato dextrose agar) incorporated with 
Liberty herbicide in vitro or on the effects of the chemical on hyphal growth on and in leaf tissue in 
field tests where leaves are infected before Liberty application.  The third objective of this research 
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was to examine the activity of Liberty herbicide on hyphal growth in vitro and in vivo using the 
electron microscope. 
6.2 Materials and Methods 
 
6.2.1 In vitro Tests of the Sensitivity of Different Pathogens to Liberty 
 
 The purpose of this research was to test the effects of Liberty herbicide on the growth of two 
major rice pathogens in vitro. 
6.2.1.1 Preparing of Microbial Media with Incorporation of Liberty Herbicide 
 
 DIFCO potato dextrose agar (PDA) was used as the basic medium.  The rice pathogens 
Cochiobolus miyabeanus (Ito&Kur.) Drech. [Bipolaris oryzae (B. De Haan) Ellis] and R. solani were 
used as the test fungi.  Formulated Liberty was incorporated at 363 ppm a. i..  Initially, three 
treatments were utilized in this test.  They were:  
 1)  Mix PDA with Liberty, then autoclave at 15 lb / sq. in. and 120 C for   
  15 minutes.  After cooling, the media was poured into sterilized plastic Petri dishes.  
 2) PDA was prepared and autoclaved.  After cooling, filter-sterilized Liberty  
  was added to the still liquid medium, mixed well, then the mixed medium was poured 
  into sterilized plastic Petri dishes.  
 3) After PDA was autoclaved, cooled medium was mixed with non-sterilized Liberty 
  solution.  The mixed medium was poured into the sterilized plastic Petri dishes. 
 Fifteen plates were poured per treatment.  All of the plates were placed into an incubator at 28 
C for 5 days.  The plates were then checked for contaminant microorganisms.  At the same time, B. 
oryzae and R. solani were cultured on PDA plates for 3 days.  Inoculum plugs were prepared by 
cutting them out with the tip of a 3 mm, flamed cork borer.  Inoculum plugs of B. oryzae and R. solani 
from the fresh culture were transferred separately to the treated plates with three replications per 
treatment per fungus.  The diameter of each fungal colony was measured at intervals of 1, 3, 6, 9, and 
12 days.  The control was PDA without incorporated Liberty. 
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6.2.1.2 In Vitro Sensitivity Tests Using Formulated Liberty against Seven Fungi Pathogenic on 
Rice.  P. grisea, B. oryzae, R. solani, Microdochium oryzae (Hashioka & Yokogi) Samuals & I.C. 
Hallett, Cercospera janseana (Racib.) O. Const., Sarocladium oryzae ( Sawada ) W. Gams & D. 
Hawksw. and Fusarium moniliforme  J. Sheld. were used as the test pathogens for testing sensitivity to 
formulated Liberty.  All of the pathogens were cultured on PDA for 3 days before testing.  Inoculum 
plugs were prepared as previously described.  PDA not supplemented with Liberty was used as the 
control.  Formulated Liberty was incorporated into PDA at active ingredient concentrations of 10, 50, 
100, 200, 300, 400 and 500 ppm.  A filter-sterilized solution of Liberty was added to autoclaved media 
held at about 50 C to give the required concentrations.  The mixture was poured into sterilized plastic 
Petri dishes with 10 ml / plate.  Plates were inoculated with one pathogen plug per plate with three 
replications per treatment.  All of the plates were maintained in an incubator at 28 C.  The diameter of 
each fungus colony was measured at intervals of 1, 3, 6, 9, and 12 days after transfer.  The initial 
effective ranges of Liberty against different fungi were determined. 
 F. moniliforme was not very sensitive to Liberty concentrations used in this test.  Therefore, 
an additional two Liberty concentrations, 1000 ppm and 2000 ppm, were tested.  The methods used 
were the same as given above with three replications per treatment.  The diameter of the fungus colony 
was measured at intervals of 1, 3, 6, 9, and 12 days of incubation. 
6.2.1.3 Testing the Sensitivity of Burkholderia Glumae to Liberty Herbicide.  The pathogen 
Burkholderia glumae (Kurita and Tabei) Urakami et al., causing bacterial panicle blight, was used as 
the test organism.  DIFCO PDA and potato dextrose broth (PDB) were used as the basic media. 
 Filter sterilized Liberty herbicide was incorporated into 99 ml of PDB medium at 
concentrations of 10, 50, 100, 200, 300,400, and 500 ppm.  PDB without Liberty herbicide was used 
as the control.  A 24 hours culture of B. glumae on PDA was transferred into sterile water and diluted.  
One ml of bacterial solution was transferred into each treated flask and mixed well.  The culture was 
maintained at room temperature.  One ml solution from each flask was transferred and spread onto 
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fresh PDA plates with an L-shaped spreader after 0, 3, 6, 9, and 12 hours on a flask shaker.  Each 
treatment was replicated three times. 
 Colonies on each plate were counted 48 hours after transfer onto the PDA plates. All data was 
transformed into log data.  The SAS® System Release 8.2 (TS2MO) for Windows (SAS Institute, 
2000) was used to analyze the log data. 
6.2.2 In Vitro Effect of 12 Days of Continuous Exposure to Liberty Herbicide on the Hyphal 
Growth of Rice Fungal Pathogens 
 
 The inoculum plugs from each test plate used to treat the fungal pathogens with different 
Liberty concentrations were transferred after 12 days exposure to Liberty into fresh PDA plates, not 
supplemented with Liberty, if there was no hyphal growth on the treated plate.  Three replications per 
Liberty concentration were transferred to the fresh PDA.  Plates were then maintained at 28 C in an 
incubator.  The diameter of the fungal colony growing from each transferred plug was measured at 
intervals of 1, 3, 6, 9, and 12 days after transfer. 
6.2.3 Field Testing of Liberty for Potential Sheath Blight Control on Rice 
 Transgenic Cypress was provided by Dr. S. D. Linscombe.  Liberty was provided by Aventis 
CropScience USA LP.  The fungicide Moncut was provided by the Gowan Company.  The fungicide 
Quardris was provided by Zeneca Ag Products.  Field plot tests of the efficacy of Liberty as a 
fungicide were conducted using transgenic Cypress as the test cultivar during the rice growing seasons 
of 2000, 2001, and 2002 at the Rice Research Station in Crowley, LA.   
 In 2000, seeds were planted on April 27 in 128 x 488 cm plots with 36 cm alleys between 
plots and 122 cm alleys between tiers of plots.  A randomized complete block design (RCBD) was 
used with four replications.  All plots received a preplant application of 21-63-63 (N-P2O5-K2O) 
fertilizer and an additional 494 kg / ha top dressing with urea on May 9.  On the basis of the in vitro 
tests and a preliminary field test, which was conducted on Dr. S. Linscombe’s yield test in 1999, four 
Liberty concentrations: 150 ppm (0.171 kg a.i. / ha), 450 ppm (0.513 kg a.i. / ha), 750 ppm (0.855 kg 
a.i. / ha), and 1500 ppm (1.71 kg a.i / ha) were selected and applied in field tests in 2000 and 2001 for 
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sheath blight control.  Liberty treatments were applied before inoculation or after inoculation with R. 
solani.  The Liberty treatments applied before inoculation were applied at the green ring, boot, and 
heading stages of growth.  Inoculum of R. solani was spread onto the plots 7 days after Liberty 
applications.  Inoculum was produced by growing R. solani on a sterile rice grain : rice hull mixture (1 
: 2) to which water had been added before autoclaving (Figure 6.1A).  The inoculum mixture was 
always spread while still damp (Figure 6.1D).  Inoculum was always used at 500 ml / plot in all field 
tests (Figure 6.1B, 6.1C).  For the treatments applied after inoculation, the plots were inoculated with 
R. solani at the maximum tillering stage (Figure 6.1D and 6.2A).  The Liberty was applied 7 days after 
inoculation, or at the boot and / or heading stages of growth (Figure 6.2B and 6.2C).  All treatments 
are listed in Table 6.1.  Non-inoculated plots without Liberty application, inoculated plots without 
Liberty application, non-inoculated plots with the four Liberty application rates, and inoculated plots 
sprayed with Moncut or Quardris fungicides were used as controls.  Quardris at a rate of 12 oz / A 
(0.84 kg / ha) was applied at the boot stage, which was the recommended rate.  Moncut was applied at 
1.01 lbs / A (1.13 kg / ha) at the boot stage, which was the recommended rate (Table 6.1).  The plots 
were harvested by small-plot combine on August 11 in 2000 (Figure 6.2D). 
 In 2001, plots were seeded April 30 in 122 x 488 cm plots with 36 cm alleys between plots 
and 122 cm alleys between tiers of plots.  A RCBD with four replications was used.  All plots received 
a preplant application of 21-63-63 (N-P2O5-K2O) fertilizer and an additional 494 kg / ha top dressing 
with urea on May 21 in 2001.  All treatments used in 2000, except the four Liberty applications 
without fungal inoculation and Liberty application at the heading stage, were included.  Treatments are 
listed in Table 6.2.  Non-inoculated plots, inoculated plots without Liberty application, and inoculated 
plots sprayed with Moncut and Quardris fungicides were used as controls.  Quardris was applied at 12 
oz / A (0.84 kg / ha) at the boot stage and Moncut was applied at 1.01 lbs / A (1.13 kg / ha) at the boot 





 Figure 6.1.  Inoculum and field inoculation of R. solani.  A = inoculum preparation in flasks,   
 B = measuring the inoculum before inoculation, C = the bags prepared with the correct 






 Figure 6.2.  Different growth stages at which Liberty was applied and appearance at 
 maturity.  A = rice plants at the green ring stage, B = Liberty applied in the field at the boot 























Table 6.1.  Liberty herbicide and fungicide application rates used for potential sheath blight 
control at the Rice Research Station in Crowley, LA. in 2000.* 
Treatments Inoculation time Chemical, application rate and application time 
T1-1  No inoculation Non-inoculation and no Liberty herbicide application 
T1-2  Maximum tillering No Liberty herbicide application  
T1-3  No inoculation Liberty herbicide at 150 ppm was applied at green ring stage 
T1-4  No inoculation Liberty herbicide at 450 ppm was applied at green ring stage 
T1-5  No inoculation Liberty herbicide at 750 ppm was applied at green ring stage 
T1-6  No inoculation Liberty herbicide at 1,500 ppm was applied at green ring stage 
T1-7  Maximum tillering Moncut at a rate of 1.13 kg / ha was applied at boot stage 
T1-8  Maximum tillering Quardris at a rate of 0.84 kg / ha was applied at boot stage 
T1-9 7 d after Liberty** Liberty herbicide at 150 ppm was applied at green ring stage 
T1-10 7 d after Liberty  Liberty herbicide at 450 ppm was applied at green ring stage 
T1-11 7 d after Liberty Liberty herbicide at 750 ppm was applied at green ring stage 
T1-12 7 d after Liberty Liberty herbicide at 1500 ppm was applied at green ring stage 
T1-13 Maximum tillering Liberty herbicide at 150 ppm was applied 7 days after inoculation 
T1-14 Maximum tillering Liberty herbicide at 450 ppm was applied 7 days after inoculation 
T1-15 Maximum tillering Liberty herbicide at 750 ppm was applied 7 days after inoculation 
T1-16 Maximum tillering Liberty herbicide at 1500 ppm was applied 7 days after inoculation 
T1-17 7 d after Liberty Liberty herbicide at 150 ppm was applied at boot stage 
T1-18 7 d after Liberty Liberty herbicide at 450 ppm was applied at boot stage 
T1-19 7 d after Liberty Liberty herbicide at 750 ppm was applied at boot stage 
T1-20 7 d after Liberty Liberty herbicide at 1500 ppm was applied at boot stage 
T1-21 Maximum tillering Liberty herbicide at 150 ppm was applied at boot stage 
T1-22 Maximum tillering Liberty herbicide at 450 ppm was applied at boot stage 
T1-23 Maximum tillering Liberty herbicide at 750 ppm was applied at boot stage 
T1-24 Maximum tillering Liberty herbicide at 1500 ppm was applied at boot stage 
T1-25 7 d after Liberty Liberty herbicide at 150 ppm was applied at heading stage 
T1-26 7 d after Liberty Liberty herbicide at 450 ppm was applied at heading stage 
T1-27 7 d after Liberty Liberty herbicide at 750 ppm was applied at heading stage 
T1-28 7 d after Liberty Liberty herbicide at 1500 ppm was applied at heading stage 
T1-29 Maximum tillering Liberty herbicide at 150 ppm was applied at heading stage 
T1-30 Maximum tillering Liberty herbicide at 450 ppm was applied at heading stage 
T1-31 Maximum tillering Liberty herbicide at 750 ppm applied at heading stage 
T1-32 Maximum tillering Liberty herbicide at 1500 ppm was applied at heading stage 
* 150 ppm refers to 0.171 kg a.i. of Liberty per hectare; 450 ppm refers to 0.513 kg a.i. of Liberty per 
hectare; 750 ppm refers to 0.855 kg a.i. of Liberty per hectare; 1500 ppm refers to 1.71 kg a.i. of 
Liberty per hectare. 
** 7 d after Liberty refers to 7 days after Liberty herbicide application. 
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Table 6.2.  Liberty herbicide and fungicide treatments with application rates used for sheath blight 
control tests at the Rice Research Station in 2001. 
Treatments Inoculation time Chemical, application time and rate* 
T2-1 No inoculation Health plot; no inoculation and application. 
T2-2 Maximum tillering Only inoculation at maximum tiller stage. 
T2-3 Maximum tillering Moncut treatment at 1.13 kg / ha was applied at boot stage 
T2-4 Maximum tillering Quardris treatment at 0.84 kg / ha was applied boot stage 
T2-5 Maximum tillering Liberty at 150 ppm, applied 7 d after inoculation 
T2-6 Maximum tillering Liberty at 450 ppm, applied 7 d after inoculation 
T2-7 Maximum tillering Liberty at 750 ppm, applied 7 d after inoculation 
T2-8 Maximum tillering Liberty at 1500 ppm, applied 7 d after inoculation 
T2-9 7 d after Liberty ** Liberty at 150 ppm, applied at maximum tillering 
T2-10 7 d after Liberty  Liberty at 450 ppm, applied at maximum tillering 
T2-11 7 d after Liberty  Liberty at 750 ppm, applied at maximum tillering 
T2-12 7 d after Liberty  Liberty at 1500 ppm, applied at maximum tillering 
T2-13 Maximum tillering Liberty herbicide at 150 ppm was applied at boot stage 
T2-14 Maximum tillering Liberty herbicide at 450 ppm was applied at boot stage 
T2-15 Maximum tillering Liberty herbicide at a 750 ppm was applied at boot stage 
T2-16 Maximum tillering Liberty herbicide at 1500 ppm was applied at boot stage 
T2-17 7 d after Liberty at boot stage Liberty herbicide at 150 ppm was applied at boot stage. 
T2-18 7 d after Liberty at boot stage Liberty herbicide at 450 ppm, applied at boot stage. 
T2-19 7 d after Liberty at boot stage Liberty herbicide at 750 ppm, applied at boot stage. 
T2-20 7 d after Liberty at boot stage Liberty herbicide at 1500 ppm, applied at boot stage 
* 150 ppm refers to 0.171 kg a.i. of Liberty per hectare; 450 ppm refers to 0.513 kg a.i. of Liberty per 
hectare; 750 ppm refers to 0.855 kg a.i. of Liberty per hectare; 1500 ppm refers to 1.71 kg a.i. of 
Liberty per hectare. 
** 7 d after Liberty refers to 7 days after Liberty application. 
 
 In 2002, 122 x 488 cm plots were seeded on April 18 with 36 cm alleys between plots and 122 
cm alleys between tiers of plots.  A RCBD with four replications was used.  All plots received a 
preplant application of 21-63-63 (N-P2O5-K2O) fertilizer and an additional 494 kg / ha top dressing 
with urea on May 16 in 2002.  A total of 38 treatments were conducted in the field experiment.  All 
treatments are listed in Table 6.3.  Liberty was applied at rates of 150 ppm (0.171 kg a.i. / ha), 450 
ppm (0.513 kg a.i. / ha), 750 ppm (0.855 kg a.i. / ha), 1000 ppm (1.14 kg a.i. / ha), and 1500 ppm 
(1.171 kg a.i. / ha).  The plots were inoculated at the maximum tillering stage.  Treatments included 
single Liberty applications at different rates 7 days after inoculation, and at the boot and heading 
stages.  Split Liberty applications at the same rates were also made.  Non-inoculated plots without 
Liberty application, inoculated plots without Liberty application, non-inoculated plots with Liberty 
applications at 150 ppm, 450 ppm, 750 ppm, and 1500 ppm, and plots sprayed with Moncut and 
Quardris fungicides were used as the controls (Table 6.3).  The rates and timings for Moncut and 
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Quardris fungicides were the same as that used in the 2000 and 2001seasons.  All plots were harvested 
with a small-plot combine on August 20 in 2002. 
 All field tests were conducted at the RRS on Crowley silt loam soil (pH 6.0, Clay 12%, Silt 
71%, Sand 17%, CEC 9.4 mole/kg).  In all 3 years, disease ratings were made on each plot 1 to 3 days 
before harvest.  Ratings were based on a 0 – 9 scale (Groth et al., 1990).  At harvest, the grain samples 
from each plot were weighted and the grain moisture for each sample was recorded.  Grain weight was 
converted to 12% moisture. 
 A grain sample for milling tests was taken from the grain harvested from each plot after 
weighing the grain.  Milling data was determined in the milling laboratory at the RRS based on the 
standard procedures used in the laboratory. 
6.2.4 Examination by Electron Microscopy of the Effects of Liberty on the Hyphal Growth of R. 
Solani in Vitro and on Rice Leaves from Transgenic Plants Expressing the Bar Gene 
 
 Based on our in vitro and field tests it was clear that Liberty could inhibit the growth of 
hyphae in vitro and had fungicidal activity against R. solani in the field.  The hyphal growth of R. 
solani, both in vitro and in vivo, was investigated using electronic microscopy to determine changes in 
hyphal structure and growth and to determine if systemic activity was present in treated rice tissues.  
The cells and tissues of healthy and diseased leaves, and their relationships to pathogen hyphae, were 
also investigated using electronic microscopy. 
6.2.4.1 Effect of Liberty Herbicide Application on the Hyphal Growth of R. Solani in Vitro.  In 
the in vitro tests, filter-sterilized solutions of Liberty were added to autoclaved PDA, held at about 50 
C to give various final concentrations of Liberty.  The final Liberty active ingredient concentrations 
for treatments included 10 ppm, 50 ppm, 100 ppm, 200 ppm, 300 ppm, 400 ppm, and 500 ppm.  PDA 
without Liberty was used the control.  The media were poured into plastic Petri plates and marked for 
identification.  Six molecularporous membrane circles, 15 mm in diameter, were placed on top of the 
medium in each plate.  One membrane was placed in the center of the plate and the other five 
membranes were put in a circle around the central one.  One plug from a 3-day-old R. solani culture 
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Table 6.3.  Liberty herbicide and fungicide application rates evaluated for potential rice sheath 
blight control at the Rice Research Station in Crowley, LA in 2002*. 
Treatments Inoculation time Chemical, application time and rate** 
T1 No inoculation No inoculation and No Liberty application 
T2 Maximum tillering Only inoculation, No Liberty application 
T3 No inoculation Only 150 ppm Liberty herbicide was applied at green ring stage 
T4 No inoculation Only 450 ppm Liberty herbicide was applied at green ring stage 
T5 No inoculation Only 750 ppm Liberty herbicide was applied at green ring stage 
T6 No inoculation Only 1500 ppm Liberty herbicide was applied at green ring stage 
T7 Maximum tillering 1 spray, Liberty at 150 ppm was applied at green ring stage 
T8 Maximum tillering 1 spray, Liberty at 450 ppm was applied at green ring stage 
T9 Maximum tillering 1 spray, Liberty at 750 ppm was applied at green ring stage 
T10 Maximum tillering 1 spray, Liberty at 1000 ppm was applied at green ring stage 
T11 Maximum tillering 1 spray, Liberty at 1500 ppm was applied at green ring stage 
T12 Maximum tillering 1 spray, Liberty at a rate of 150 ppm was applied at boot stage 
T13 Maximum tillering 1 spray, Liberty at a rate of 450 ppm was applied at boot stage 
T14 Maximum tillering 1 spray, Liberty at a rate of 750 ppm was applied at boot stage 
T15 Maximum tillering 1 spray, Liberty at a rate of 1000 ppm was applied at boot stage 
T16 Maximum tillering 1 spray, Liberty at a rate of 1500 ppm was applied at boot stage 
T17 Maximum tillering 1 spray, Liberty at a rate of 150 ppm was applied at heading stage 
T18 Maximum tillering 1 spray, Liberty at a rate of 450 ppm was applied at heading stage 
T19 Maximum tillering 1 spray, Liberty at a rate of 750 ppm was applied at heading stage 
T20 Maximum tillering 1 spray, Liberty at a rate of 1000 ppm was applied at heading stage 
T21 Maximum tillering 1 spray, Liberty at a rate of 1500 ppm was applied at heading stage 
T22 Maximum tillering 2 sprays, Liberty at 150 ppm applied at green ring and boot stages 
T23 Maximum tillering 2 sprays, Liberty at 450 ppm applied at green ring and boot stages 
T24 Maximum tillering 2 sprays, Liberty at 750 ppm applied at green ring and boot stages 
T25 Maximum tillering 2 sprays, Liberty at 1000 ppm applied at green ring and boot stages 
T26 Maximum tillering 2 sprays, Liberty at 1500 ppm applied at green ring and boot stages 
T27 Maximum tillering 2 sprays, Liberty at 150 ppm applied at boot and heading stages 
T28 Maximum tillering 2 sprays, Liberty at 450 ppm applied at boot and heading stages 
T29 Maximum tillering 2 sprays, Liberty at 750 ppm applied at boot and heading stages 
T30 Maximum tillering 2 sprays, Liberty at 1000 ppm applied at boot and heading stages 
T31 Maximum tillering 2 sprays, Liberty at 1500 ppm applied at boot and heading stages 
T32 Maximum tillering 2 sprays, Liberty at 150 ppm applied at green ring and heading 
stages 
T33 Maximum tillering 2 sprays, Liberty at 450 ppm applied at green ring and heading 
stages 
T34 Maximum tillering 2 sprays, Liberty at 750 ppm applied at green ring and heading 
stages 
T35 Maximum tillering 2 sprays, Liberty at 1000 ppm applied at green ring and heading 
stages 
T36 Maximum tillering 2 sprays, Liberty at 1500 ppm applied at green ring and heading 
stages 
T37 Maximum tillering Moncut at a rate of 1.13 kg / ha was applied at boot stage 
T38 Maximum tillering Quardris at a rate of 0.84 kg / ha was applied at boot stage 
* 150 ppm refers to 0.171 kg a.i. of Liberty per hectare; 450 ppm refers to 0.513 kg a.i. of Liberty per 
hectare; 750 ppm refers to 0.855 kg a.i. of Liberty per hectare; 1500 ppm refers to 1.71 kg a.i. of 





was transferred on top of the central molecularporous membrane in each plate.  There were four 
replications per treatment.  Hyphal growth was measured at 1, 3, 6, 9, and 12 days after inoculation.  
Molecularporous membranes with hyphae were collected 3, 6, and 9 days after inoculation.  If no 
hyphae were growing on top of a membrane, the central membrane with the inoculum plug was taken.  
Once collected, each membrane was fixed in a mixture of ethanol, glacial acetic acid, and 
formaldehyde (FAA). 
6.2.4.2 Effects of Liberty Sprays on the Hyphal Growth of R. Solani on Transgenic Rice Plants:  
In the field test, leaves from every treatment were sampled 30 minutes after Liberty applications and 
then 30 days after Liberty application.  Healthy and diseased leaves without Liberty applications were 
also sampled at the same time and used as controls.  Three to five leaf blades were sampled from 
plants with each treatment.  Sample size was about 15 x 25 mm.  All leaf samples were placed into 
FAA for desiccation and fixing. 
 All samples were dehydrated in an ethanol series and dried in carbon dioxide using a Denton 
DCP-1 critical point drying apparatus.  Samples were mounted on stubs, coated with 25 nm gold 
palladium using a Hummer II Sputter Coater, and examined on a Combridge S-260 Scanning Electron 
Microscope (SEM). 
 The SAS® System Release 8.2 (TS2MO) for Windows (SAS Institute, 2000) was used to 
analyze the data.  
6.3 Results and Discussion 
 
6.3.1 Activity of Liberty Incorporated into PDA Plates against Selected Rice Pathogens 
 
 It was important to determine how to incorporate Liberty into PDA without contamination or 
loss of activity of the Liberty herbicide during the in vitro tests and to accurately measure the activity 
of Liberty against the test fungi and bacteria. 
6.3.1.1 Incorporating Liberty into PDA.  All of the tested plates were free of contamination after 5 
days in the incubator.  There were no significant differences in hyphal growth of R. solani or B. oryzae 
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within treatments.  To avoid contamination following application of Liberty herbicide to the medium 
or degradation of Liberty under high temperature and pressure, filter-sterilized Liberty was used in 
further tests. 
6.3.1.2 Fungitoxic Activity of Formulated Liberty against Seven Fungi Pathogenic on Rice.  
Different rice pathogens had different reactions to Liberty in the tests. Bipolaris oryzae, which causes 
rice brown spot disease, was very sensitive to Liberty.  The mean diameter of colony growth on the 
plates at 100 ppm was 2.3 mm 1 day after inoculation, which was less than the 7.6 mm hyphal growth 
rate on the control plates (Table 6.4).  The diameter of colony growth on plates with 10 ppm Liberty at 
3 days after inoculation was 18 mm, just half the diameter of the colony on the control plates (35 mm).  
All plates from the control were covered by the mycelium 12 days after inoculation.  The colony 
diameters on the plates with 500 ppm Liberty averaged 3.6 mm 12 days after inoculation.  This 
indicated that Liberty did not kill the pathogen, even at the highest rate used (Table 6.4). 
Table 6.4.  Mean colony diameter of Bipolaris oryzae on potato dextrose agar with Liberty 
incorporated at several concentrations.* 
Time after 
inoculation 
1 day 3 days 6 days 9 days 12 days 
Concentration Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm)
        0 ppm** 7.6a 35.0a 66.6a 80.3a 82.0a 
10 ppm 6.3a 18.0b 33.0b 40.0b 49.0b 
50 ppm 6.0a 11.0c 14.6cd 17.3cd 25.3c 
100 ppm 2.3b 8.0c 10.3de 12.6de   11.0de 
200 ppm 0b 2.3.0d 6.6ef 7.6ef 9.3ef 
300 ppm 0b 1.0d 3.3f 3.6fg 6.0fg 
400 ppm 0b 0.0d 0.3g 1.6g 3.6g 
500 ppm 0b 0.0d 0.0g 1.3g 3.6g 
* Means followed by the same letter were not significantly different at P = 0.05. 
** ppm refers to parts per million. 
 
 Cercospora janseana, the pathogen that causes narrow brown leaf spot disease, was less 
sensitive to Liberty than B. oryzae.  There were no significant differences between the control and 
treatments when the Liberty concentration was 100 ppm or less (Table 6.5).  The mean colony 
diameter on the plates with 200 ppm was 21 mm 12 days after inoculation, which was less than that on 
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the control plates (29 mm).  The colony diameters continued to decrease when Liberty concentrations 
were higher than 200 ppm.  Liberty herbicide significantly restricted hyphal growth at these rates.  The 
fungus grew a little on plates at 500 ppm starting about 6 days after inoculation (Table 6.5).  This 
indicated that Liberty could significantly restrict hyphal growth at the higher concentrations tested, but 
it did not kill the hyphae even at the highest concentration (Table 6.13). 
Table 6.5.  Mean colony diameter of Cercospora janseana on potato dextrose agar with Liberty 
incorporated at different concentrations.* 
Time after 
inoculation 
1 day 3 days 6 days 9 days 12 days 
Concentration Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm)
       0 ppm** 0.3a 7.0a 13.6a 23.0a 29.3a 
10 ppm 0.3a 7.0a 12.6a 22.3a 29.0a 
50 ppm 0.0a 4.0ab 12.0a 20.6a 27.0a 
100 ppm 0.0a 4.3ab 11.6a 19.3a 25.6a 
200 ppm 0.0a 1.7bc 7.6b 14.3b 21.0b 
300 ppm 0.0a 1.0c 6.3bc 10.3bc 17.0b 
400 ppm 0.0a 0.3c 4.6c 7.6cd 11.0c 
500 ppm 0.0a 0.0c 4.0c 5.6d 7.3c 
* Means followed by the same letter were not significantly differently at P = 0.05. 
** ppm refers to parts per million 
 
 The IC-17 race of Pyricularia grisea, isolated from rice growing at  the Rice Research Station 
in Crowley, LA was used in these tests.  The pathogen growth in vitro was significantly restricted by 
Liberty herbicide.  The diameter of IC-17 colonies growing on plates with Liberty incorporated at 10 
ppm was 3.0 mm the first day after inoculation.  This was significantly less than the mean growth on 
the control plates (4.6 mm), although there was no significant difference in hyphal growth 12 days 
after inoculation (Table 6.6).  The diameter of IC-17 colonies on plates with Liberty at 50 ppm was 0.3 
mm 3 days after inoculation, which was significantly less than that of the control (18 mm).  The 
diameter of IC-17 on 50 ppm was 21 mm 12 days after inoculation, which was also significantly less 
than the mean growth of the pathogen on control plates (72.6 mm) (Table 6.6).  There was no hyphal 
growth on plates when the Liberty herbicide concentration was above 200 ppm (Table 6.6).  This 
indicated that the Liberty herbicide completely inhibited hyphal growth at this concentration. 
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Table 6.6.  Colony growth of race IC-17 of pyricularia grisea on potato dextrose agar with Liberty 
incorporated at different concentrations.* 
Time after 
inoculation 
1 day 3 days 6 days 9 days 12 days 
Concentration Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm)
0 ppm** 4.6a 18.0a 37.0a 55.3a 72.6a 
10 ppm 3.0b 14.0b 34.6b 53.6a 71.0a 
50 ppm 0.3c 0.3c 5.3c 11.0b 21.0b 
100 ppm 0.0c 0.0c 0.0d 3.3c 9.6c 
200 ppm 0.0c 0.0c 0.0d 0.0c 0.0d 
300 ppm 0.0c 0.0c 0.0d 0.0c 0.0d 
400 ppm 0.0c 0.0c 0.0d 0.0c 0.0d 
500 ppm 0.0c 0.0c 0.0d 0.0c 0.0d 
* Means followed by the same letter were not significantly different at P = 0.05. 
** ppm refers to parts per million. 
 
 IB-49, another race of P. grisea, also was isolated from rice growing at the Rice Research 
Station in Crowley, LA.  The results indicated that Liberty could completely inhibit this pathogen’s 
growth.  The reaction of race IB-49 to Liberty was similar to that of race IC-17 (Table 6.6. and Table 
6.7).  The diameter of IB-49 on plates at a rate of 10 ppm was less than that for the control since the 
first day after inoculation (Table 6.7).  The growth of IB-49 pathogen was completely inhibited by 
Liberty herbicide when the Liberty concentration was 300 ppm or above. However, no hyphae were 
found on the recovery test when the initial concentration was 400 ppm (Table 6.15), suggesting that 
the hyphae were killed when the Liberty concentration was 400 ppm or above. 
 R. solani, which causes sheath blight on rice and other diseases on different crops, was 
relatively sensitive to Liberty.  The hyphal growth of the pathogen at a rate of 10 ppm was 
significantly reduced on plates by the Liberty herbicide one day after inoculation, although eventually 
there was not a significant difference between them 12 days after inoculation (Table 6.8).  The growth 
of this pathogen was significantly reduced when the Liberty concentration was 50 ppm or higher 
(Table 6.8).  Some hyphal growth was still found on the plates at 500 ppm, which indicated that 
Liberty did not kill all of the pathogen at that concentration.  
 
 146
Table 6.7.  Colony growth of race IB-49 of Pyricularia grisea on potato dextrose agar medium 
with Liberty incorporated at different concentrations.* 
Time after 
inoculation 
1 day 3 days 6 days 9 days 12 days 
Concentration Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm) 
0 ppm** 8.3a 21.3a 38.0a 53.6a 71.0a 
10 ppm 7.3b 15.3b 27.3b 40.3b 56.0b 
50 ppm 3.6c 6.0c 5.6c 12.6c 21.0c 
100 ppm 1.0d 1.3d 1.3d 4.3cd 13.6cd 
200 ppm 0.0d 0.0d 0.0d 0.0d 5.3de 
300 ppm 0.0d 0.0d 0.0d 0.0d 0.0e 
400 ppm 0.0d 0.0d 0.0d 0.0d 0.0e 
500 ppm 0.0d 0.0d 0.0d 0.0d 0.0e 
* Means followed by the same letter were not significantly different at P = 0.05. 






Table 6.8.  Colony growth of Rhizoctonia solani on potato dextrose agar medium with Liberty 
incorporated at different concentrations.* 
Time after 
inoculation 
1 day 3 days 6 days 9 days 12 days 
Concentration Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm)
0 ppm** 21.0a 82.0a 82.0a 82.0a 82.0a 
10 ppm 13.6b 44.0b 53.0b 78.0a 82.0a 
50 ppm 9.3c 13.0c 20.6c 31.0b 40.6b 
100 ppm 3.3d 2.0d 9.3d 14.0c 20.6c 
200 ppm 0.0e 0.0d 5.6e 10.3c 13.0d 
300 ppm 0.0e 0.0d 2.0e 2.3d 6.6e 
400 ppm 0.0e 0.0d 0.0e 0.0d 2.3f 
500 ppm 0.0e 0.0d 0.0e 0.0d 0.6f 
* Means followed by the same letter were not significantly different at P = 0.05. 






 Hyphal growth of the rice pathogen S. oryzae, which causes rice kernel spotting and sheath 
rot, was affected by treatment with Liberty.  The colony growth of this pathogen was significantly 
affected when Liberty was incorporated into PDA at concentrations of 50 ppm or higher.  The mean 
diameter of colonies on plates with 50 ppm Liberty was 15.6 mm 12 days after inoculation, which was 
significantly less than that of the control colonies (32.6 mm) (Table 6.9).  There were no significant 
differences in pathogen growth on plates after 12 days when the Liberty concentrations were 300 ppm 
or higher (Table 6.9). 
Table 6.9.  Colony growth of Sarocladium oryzae on potato dextrose agar medium with Liberty 
incorporated at different concentrations.* 
Time after 
inoculation 
1 day 3 days 6 days 9 days 12 days 
Concentration Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm)
      0 ppm** 1.0a 9.3a 16.0a 24.3a 32.6a 
10 ppm 0.3ab 6.3b 16.0a 23.0a 31.6a 
50 ppm 0.3ab 3.6c 8.0b 13.6b 15.6b 
100 ppm 0.0b 1.0d 7.0b 11.0c 14.3bc 
200 ppm 0.0b 1.0d 4.3c 7.6d 12.0c 
300 ppm 0.0b 0.0d 4.0c 6.0de 7.3d 
400 ppm 0.0b 0.0d 3.6cd 6.0de 6.6d 
500 ppm 0.0b 0.0d 2.3d 4.3e 6.3d 
* Means followed by the same letter were not significantly different at P = 0.05. 
** ppm refers to parts per million. 
 
 The rice pathogen F. moniliforme can cause root rot or grain scab on rice.  This pathogen was 
more resistant to Liberty than the rest of the fungal pathogens tested.  Liberty significantly restricted 
the hyphal growth of this pathogen at the highest concentrations tested in vitro (Table 6.10).  The 
mean colony diameter of this pathogen on plates with Liberty at 1000 ppm was 28.6 mm 12 days after 
inoculation, compared to the control at 82 mm.  This indicated that the pathogen, although inhibited, 
could still grow well even at a Liberty concentration of 2000 ppm (Table 6.10). 
6.3.1.3 Testing the Sensitivity of Burkholderia Glumae to Liberty.  B. glumae, which causes 
bacterial panicle blight and seed rot on rice, was sensitive to Liberty (Table 6.11).  Increasing Liberty 
 148
concentration decreased bacterial growth.  However, Liberty did not kill all of the bacteria, even at 500 
ppm 12 hours after inoculation (Table 6.11). 
6.3.2 The Effect of Liberty Concentrations on Survival and Growth of Pathogen Hyphae after 12 
Days of in Vitro Exposure 
 
After 12 days exposure to the different Liberty concentrations, the hyphal plugs from original 
colony transfer plates with fungal pathogens were transferred to fresh PDA plates without Liberty. 
Table 6.10. Colony growth of Fusarium moniliforme on potato dextrose agar medium with Liberty 
incorporated at different concentrations.* 
Time after 
inoculation 
1 day 3 days 6 days 9 days 12 days 
Concentration Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm)
      0 ppm** 6.3a 26.6a 54.6a 82.0a 82.0a 
10 ppm 5.3b 23.6b 46.6b 71.6b 81.3a 
50 ppm 4.0c 21.3c 45.6b 67.6b 77.0a 
100 ppm 3.0d 16.0d 34.3c 45.3c 56.3b 
200 ppm 2.6d 14.3e 30.3d 44.6c 51.0bc 
300 ppm 2.0e 11.0f 24.3e 37.0d 47.6c 
400 ppm 2.0e 9.0g 19.3f 30.6d 39.3d 
500 ppm 2.0e 8.0g 15.3g 22.3e 28.6e 
1000 ppm 0.6f 4.6h 16.0g 21.6e 28.6e 
2000 ppm 0.0f 6.0h 15.0g 22.3e 27.6e 
* Means followed by the same letter were not significantly different at P = 0.05. 
** ppm refers to parts per million. 
 
 
Table 6.11.  Growth of Burkholderia glumae in potato dextrose broth with different concentrations 
of Liberty.* 
Time after inoculation 0 hour 3 hours 6 hours 9 hours 12 hours 
Concentration Log (Colonies) Log (Colonies) Log (Colonies) Log (Colonies) Log (Colonies) 
0 ppm** 3.57a 3.96a 4.61a 6.91a 9.21a 
10 ppm 3.50ab 3.76ab 3.38b 3.89b 3.67b 
50 ppm 3.49ab 3.35bc 3.09bc 3.42c 3.19bc 
100 ppm 3.39ab 3.30bc 2.98bc 2.81d 2.95c 
200 ppm 3.37ab 3.12c 2.63cd 2.89d 2.65cd 
300 ppm 3.36ab 3.15c 3.12bc 2.52d 2.23d 
400 ppm 3.26b 2.95cd 2.58cd 2.54d 2.19d 
500 ppm 3.24b 2.56d 2.50d 1.85e 1.52e 
* Means followed by the same letters were not significantly different at P = 0.05. 
** ppm refers to parts per million. 
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Liberty did not completely inhibit hyphal growth of B. oryzae on PDA 12 days after exposure at any 
concentration (Table 6.4).  The mean colony diameters from plugs transferred to PDA were 
significantly reduced at the 500 ppm concentration, even after 9 or 12 days on non-amended PDA  
(Table 6.12).  This indicated that although the hyphae were not killed at the initial exposure, the 
exposure to Liberty continued to inhibit fungal growth on PDA without Liberty (Table 6.12).  There 
were two possible reasons.  First, the hyphae were mostly killed by exposure to higher rates of Liberty 
and there was less surviving hyphae to start new growth when compared to the control hyphae.  A 
second possibility was that there was residual Liberty from the transferred plugs.  
Table 6.12.  Hyphal growth from plugs with Bipolaris oryzae, previously exposed to different 
concentrations of Liberty, after transfer to potato dextrose agar.*  













     0 ppm** 2.3c 15.0ab 66.6a 80.3a 82.0a 
10 ppm 0.0d 18.0ab 47.6bc 64.6ab 75.6ab 
50 ppm 0.0d 17.3ab 30.6c 47.0cd 74.0ab 
100 ppm 4.3abc 22.0a 44.3bc 52.0bcd 63.3bc 
200 ppm 4.6ab 22.3a 46.0bc 56.3bc 75.0ab 
300 ppm 3.3bc 16.3ab 38.0bc 58.0bc 70.6ab 
400 ppm 5.6a 19.3a 53.0ab 65.6ab 73.0ab 
500 ppm 2.6bc 11.3b 31.3c 39.0d 55.0c 
* Means followed by the same letters were not significant different at P = 0.05. 
** ppm refers to parts per million 
 
 There was little effect on the hyphal growth of C. janseana, previously exposed to Liberty, 
after transfer to non-amended PDA (Table 6.13), although there were significant initial differences in 
growth in plates where the fungus was previously exposed to Liberty at 400-500ppm (Table 6.5).  The 
differences existed among these tests were not very big from the absolute values (Table 6.13).  C. 
janseana is a relatively slow growing fungus and it probably recovered from the effects of Liberty on 
growth before significant growth took place from plugs at all concentrations of Liberty. 
 There was a significant effect of Liberty on hyphal growth from plugs with race IC-17 of 
Pyricularia grisea (Table 6.14).  Previous exposure to Liberty at 500ppm caused significant reduction 
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Table 6.13.  Hyphal growth from plugs with Cercospora janseana, previously exposed to different 
concentrations of Liberty, after transfer to potato dextrose agar.* 
Time after transfer  1 day 3 days 6 days 9 days 12 days 










0 ppm** 1.3a 8.3a 15.6ab 25.6a 30.6ab 
10 ppm 0.3b 5.0b 12.6de 21.6b 26.3c 
50 ppm 0.0b 5.6b 12.3e 20.6b 33.3a 
100 ppm 0.0b 6.3b 16.3a 24.6a 31.0ab 
200 ppm 0.0b 6.6ab 14.3bcd 21.6b 28.6c 
300 ppm 0.0b 6.0b 13.3cde 21.6b 28.6c 
400 ppm 0.0b 5.6b 14.6abc 20.3b 27.6c 
500 ppm 0.0 5.6 13.3 19.6 30.3a 
* Means followed by the same letter were not significantly different at P = 0.05 
** ppm refers to parts per million. 
 
of hyphal growth on non-amended PDA.  However, Liberty did not kill all hyphae of IC-17.  It only 
restricted hyphal growth.  A different reaction was observed with race IB-49 of Pyricularia grisea.  At 
Liberty concentrations of 300-500ppm, there was highly reduced growth of the fungus following 
transfer to non-amended PDA.  Liberty concentrations at 400 ppm or above killed the pathogen and 
there was no further hyphal growth after transfer to non-amended PDA (Table 6.15). 
 There was certain effect on the further hyphal growth of R. solani when the hyphae were 
previously treated with Liberty.  It took 3 days for the non-treated pathogen to grow from the plug and 
cover the whole plate.  However, when the pre-treatment Liberty concentration was 400 ppm or 
higher, the pathogen did not cover the whole plate, even 12 days after it was transferred to fresh PDA 
(Table 6.16). 
 Although exposure to Liberty significantly reduced growth of S. oryzae and Fusarium 
moniliforme there was no significant effect of exposure to Liberty on the further growth of S. oryzae 






Table 6.14.  Hyphal growth from plugs with race IC-17 of Pyricularia grisea, previously exposed 
to different concentrations of Liberty, after transfer to potato dextrose agar.* 
Time after transfer  1 day 3 days 6 days 9 days 12 days 









0 ppm** 4.7a 19.0ab 31.3a 47.3a 66.3a 
10 ppm 1.3b 17.3bc 30.3a 45.3a 63.0a 
50 ppm 0.0c 13.0cd 25.6ab 41.6a 61.0a 
100 ppm 0.0c 11.0de 22.6abc 37.6ab 59.0a 
200 ppm 0.0c 12.0d 21.0bc 37.3ab 52.6ab 
300 ppm 0.0c 7.0ef 15.0cd 27.3bc 51.0ab 
400 ppm 0.0c 4.6f 7.6de 21.0c 35.6bc 
500 ppm 0.0c 0.0f 0.6e 3.0d 17.3c 
* Means followed by the same letter were not significantly different at P = 0.05. 






Table 6.15.  Hyphal growth from plugs with race IB-49 of Pyricularia grisea, previously exposed 
to different concentrations of Liberty, after transfer to potato dextrose agar.*  
Time after transfer 1 day 3 days 6 days 9 days 12 days 










0 ppm** 5.6a 19.3a 29.3a 42.0a 54.6b 
10 ppm 2.3b 16.3b 26.3b 42.0a 59.6a 
50 ppm 1.3c 16.0b 26.3b 42.0a 52.6bc 
100 ppm 1.3c 14.3c 25.6b 41.3a 52.3bc 
200 ppm 0.0d 9.3d 22.3c 34.0b 48.3c 
300 ppm 0.0d 0.0e 0.0d 2.3c 1.6d 
400 ppm 0.0d 0.0e 0.0d 0.0c 0.0d 
500 ppm 0.0d 0.0e 0.0d 0.0c 0.0d 
* Means followed by the same letter were not significantly different at P = 0.05. 







Table 6.16.  Hyphal growth from plugs with R. solani, previously exposed to different 
concentrations of Liberty, after transfer to potato dextrose agar.*  
Time after transfer  1 day 3 days 6 days 9 days 12 days 










0 ppm** 27.3a 82.0a 82.0a 82.0a 82.0a 
10 ppm 0.3b 60.3b 82.0a 82.0a 82.0a 
50 ppm 0.0b 47.0b 82.0a 82.0a 82.0a 
100 ppm 0.0b 21.3c 82.0a 82.0a 82.0a 
200 ppm 0.0b 20.6c 82.0a 82.0a 82.0a 
300 ppm 0.0b 20.3c 79.6a 82.0a 82.0a 
400 ppm 0.0b 19.0c 39.3b 63.6b 76.6b 
500 ppm 0.0b 5.6c 28.3c 51.3c 63.6c 
* Means followed by the same letter were not significantly different at P = 0.05. 





Table 6.17.  Hyphal growth from plugs with Sarocladium oryzae, previously exposed to different 
concentrations of Liberty, after transfer to potato dextrose agar.*  
Time after transfer 1 day 3 days 6 days 9 days 12 days 










0 ppm** 0.6a 8.3a 15.6ab 24.3a 30.0a 
10 ppm 0.3a 7.3ab 16.0a 23.0a 30.0a 
50 ppm 0.0a 6.3bc 14.0b 23.0a 31.0a 
100 ppm 0.0a 7.3ab 16.3a 23.6a 30.3a 
200 ppm 0.3a 6.6b 15.0b 22.0a 31.0a 
300 ppm 0.0a 7.3ab 15.6ab 23.3a 33.0a 
400 ppm 0.6a 7.3ab 16.0a 23.6a 30.6a 
500 ppm 0.0a 5.0c 14.6b 21.3a 30.3a 
* Means followed by the same letter were not significantly different at P = 0.05. 
** ppm refers to partial per million 
 











Table 6.18.  Hyphal growth from plugs with Fusarium moniliform, previously exposed to different 
concentrations of Liberty, after transfer to potato dextrose agar.*  
Time after transfer 1 day 3 days 6 days 9 days 12 days 










0 ppm** 6.3a 26.0bc 51.0abc 76.3a 82.0a 
10 ppm 5.3abc 25.6bc 51.0abc 75.0ab 82.0a 
50 ppm 4.6bc 26.6b 52.3ab 73.3ab 82.0a 
100 ppm 4.0c 23.6d 48.3cd 67.3c 82.0a 
200 ppm 4.0c 25.3bcd 46.3d 67.6c 82.0a 
300 ppm 4.0c 24.6cd 46.3d 70.0ab 82.0a 
400 ppm 5.6ab 23.6d 49.6bcd 70.6ab 82.0a 
500 ppm 4.6abc 25.0bcd 51.3abc 73.0ab 82.0a 
1000 ppm 5.3abc 29.6a 53.2a 77.3a 82.0a 
2000 ppm 5.3a 25.5cd 52.5abc 75.3ab 82.0a 
* Means followed by the same letter were not significantly different at P = 0.05. 
** ppm refers to parts per million  
 
6.3.3 Field Tests to Determine the Potential of Liberty Herbicide as a Fungicide to Control 
Sheath Blight on Rice 
 
 Field tests were conducted over three years, 2000 to 2002, at the Rice Research Station in 
Crowley, LA.  The application rates and timing of Liberty were tested on transgenic Cypress plots 
inoculated with R. solani. 
6.3.3.1 Effects of Liberty Treatments Applied on Non-inoculated and Inoculated Rice at Green 
Ring Stage.  There were no significant differences in mean disease ratings between the control healthy 
plots (unsprayed, non-inoculated) and the plots with only Liberty herbicide sprays at different rates in 
2000 and 2002.  The mean disease rating for rice sheath blight in the healthy plot was 1.13, and the 
mean disease ratings from the plots with Liberty applications ranged from 1.00 to 1.38 (Table 6.19).  
However, the mean disease rating of 5.85 from the inoculated plots without Liberty was significantly 
higher (Table 6.19). 
 Liberty herbicide applications at different rates at the green ring stage did affect yield.  The 
mean yield from healthy plots was 7328.7 kg / ha, which was the highest yield in the two years of field 
tests (Table 6.19).  The plots with Liberty applications higher than 150 ppm had significantly lower 
mean yields than the healthy plots.  Yields decreased with increasing amounts of Liberty, even though 
 154
there were no significant differences among these treatments.  The plots treated with the lowest 
Liberty rate (150 ppm or 0.171 kg / ha) had the highest yield among the four Liberty treatments.  The 
decreasing of yields with increasing Liberty rates appeared to be the result of leaf damage on the rice 
plants (Table 6.19). 
Table 6.19.  Potential effect of Liberty herbicide applications at different rates, applied at green 
ring stage, on disease and yield at the Rice Research Station in Crowley, LA in 2000 and 2002.* 
Inoculation stage Liberty application rate** and timing 
Disease rating 
 (0 – 9) 
Mean yield 
(kg/ha) 
No inoculation No Liberty application, healthy control 1.13a 7328.7a 
No inoculation 150 ppm applied at green ring stage 1.38a 6940.0ab 
No inoculation 450 ppm applied at green ring stage 1.19a 6715.0b 
No inoculation 750 ppm applied at green ring stage 1.06a 6779.8b 
No inoculation 1500 ppm applied at green ring stage 1.00a 6685.5b 
*Means followed by the same letter were not significantly different at p = 0.05. Means were generated 
from three replicates per test over 2 years of tests. 
** 150 ppm refers to 0.171 kg / ha herbicide; 450 ppm refers to 0.513 kg / ha herbicide; 750 refers to 
0.855 kg / ha herbicide; 1500 ppm refers to 1.71 kg / ha herbicide. 
 
6.3.3.2 Effect of Liberty Applied at Different Rates Applied either before the Plots were 
Inoculated with R. Solani or after the Plots were Inoculated at the Rice Research Station at 
Crowley, LA. in 2000 and 2001:  There were no significant differences between the mean disease 
ratings obtained across Liberty treatments in 2000 and 2001 (Table 6.20).  When Liberty was applied 
before the plots were inoculated, the mean disease rating was 5.21 in 2000, and 4.97 in 2001.  When 
Liberty was applied after the plots were inoculated, the mean disease rating was 2.51 in 2000, and 2.31 
in 2001 (Table 6.20).  It was clear that disease ratings obtained when Liberty was applied before 
inoculation were significantly higher than final disease ratings obtained when Liberty herbicide was 
applied after inoculation in both 2000 and 2001 (Table 6.20). 
There were no significant differences in yield across Liberty treatments between years.  When 
Liberty was applied before the plots were inoculated, the mean yield in 2000 was 6312.1 kg / ha and in 
2001 the mean yield was 6051.0 kg / ha (Table 6.20).  When Liberty herbicide was applied after the 
plots were inoculated, the yield in 2000 was 6488.9 kg / ha and in 2001 the mean yield was 6182.2 kg 
/ ha (Table 6.20).  Also, there were no significant differences in the mean yields between the two 
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Liberty application methods in the 2 years of tests, although the yields when Liberty was applied after 
inoculation were higher than when Liberty was applied before inoculation (Table 6.20). 
Table 6.20.  Summary of the effect on sheath blight ratings and rice yields when Liberty was 
applied at different rates applied before the plots were inoculated with R. solani or after the plots 
were inoculated with R. solani at the Rice Research Station at Crowley, LA in 2000 and 2001.* 
Liberty herbicide applied before 
the plots were inoculated 
Liberty herbicide applied after 
the plots were inoculated 
Year 
Mean disease rating 
(0-9) 
Mean yield 
(kg / ha) 
Mean disease rating 
(0-9) 
Mean yield 
(kg / ha) 
2000 5.21a 6312.1a 2.51a 6488.9a 
2001 4.97a 6051.0a 2.31a 6182.2a 
* Means followed by the same letters were not significantly different at p = 0.05. 
 
 When Liberty was applied before the plots were inoculated with R. solani, it did not 
significantly reduce disease ratings except with the 750 ppm rate applied at maximum tillering (Table 
6.21).  Treatment with Moncut and Quadris significantly reduced disease. These fungicides were 
applied after inoculation.   
 Eight of the Liberty treatments significantly increased yield (Table 6.21).  Six of the Liberty 
treatments significantly increased yield over that of the disease control.  The yields of the Liberty 
treated plots were lower than those of the non-inoculated plots, but several treatments gave yields that 
were not significantly lower (Table 6.21).  There were no significant differences among yields of the 
Liberty treatments and the two fungicide treatments (Table 6.21).  Liberty appeared to have 
insufficient residual effect to control sheath blight when applied before inoculation. 
 When Liberty herbicide was applied 7 days after the plots were inoculated with R. solani, 
sheath blight disease ratings were significantly reduced.  The mean disease rating from inoculated 
plots without Liberty applications was 6.12, but the highest disease rating from treated plots was 3.69 
(Table 6.22).  Mean disease ratings from the other treatments were under 2.50 (Table 6.22).  Disease 
ratings from the Moncut and Quadris treatments were higher than some of the disease ratings from 
Liberty treated plots. In general, the Liberty rates and timings were more effective for controlling 
sheath blight than the standard Moncut treatment.  The single Liberty applications were better or  
Table 6.21 Effect of Liberty applications at different rates on sheath blight development and yield 
when applied 7 days before inoculation with R. solani at the Rice Research Station in Crowley, LA 
in 2000 and 2001.x 
Treatments w 
Inoculation time Liberty application rates and timing 
Disease 
Rating 
(0 – 9) 
Yield 
(kg / ha) 
No inoculation No application, healthy control 0.87f 7307.5a 
Maximum tillering No application, diseased control 6.12ab 6010.5c 
Maximum tillering Moncut at a rate of 1.13 kg / ha was applied at boot stage 4.12d 6797.2ab 
7 d after Libertyz Quardris at a rate of 0.84 kg / ha was applied at boot stage 2.56e 6904.1ab 
7 d after Liberty 150 ppm Liberty herbicide applied at maximum tillering  5.88bc 6465.3bc 
7 d after Liberty 450 ppm Liberty herbicide applied at maximum tillering 6.68ab 6432.2bc 
7 d after Liberty 750 ppm Liberty herbicide applied at maximum tillering  5.25bc 6833.1ab 
7 d after Liberty 1500 ppm Liberty herbicide applied at maximum tillering  4.81cd 6677.8b 
7 d after Liberty 150 ppm Liberty herbicide was applied at boot stage 6.87a 6918.2ab 
7 d after Liberty 450 ppm Liberty herbicide was applied at boot stage 6.81a 6854.7ab 
7 d after Liberty 750 ppm Liberty herbicide was applied at boot stage 5.68bc 6914.0ab 
7 d after Liberty 1500 ppm Liberty herbicide was applied at boot stage 5.44bc 6690.4b 
x Means followed by the dame letter were not fignificantly different at P = 0.05. 
w 150 ppm refers to 0.171 kg / ha; 450 ppm refers to 0.513 kg / ha; 750 ppm refers to 0.813 kg / ha; 
1500 ppm refers to 1.71 kg / ha. 
z 7 d after Liberty refers to 7 days after Liberty application. 
 
significantly better than the single Quadris treatment for controlling sheath blight (Table 6.22).  
Disease ratings in the single Liberty treatments decreased with increasing Liberty rates.  Yields 
increased when Liberty was applied after the plots were inoculated.  Yields from five of the Liberty 
treatments were not significantly different from the healthy control (Table 6.22).  Yields from plots 
treated with Liberty 7 days after inoculation were not significantly different from that of the plots 
treated with Moncut and Quadris (Table 6.22).  
 In general, yields decreased with increasing rates of Liberty when the herbicide was applied at 
the same time.  When the Liberty was applied 7 days after inoculation, the 150 ppm rate yielded 
7295.0 kg / ha, which was the highest yield among the treatments, and the 1500 ppm rate yielded 
6735.2 kg / ha, which was the lowest yield among the treatments (Table 6.22).  This suggested that 




Table 6.22. Effect of Liberty applications at different rates, applied at different times after the 
plots were inoculated with R. solani at the Rice Research Station in Crowley, LA in 2000 and 
2001. * 
Liberty treatments 
Inoculation time Application rates and timing ** 
Disease 
Rating  
(0 – 9) 
Yield 
(kg / ha) 
No inoculation No application, healthy control 0.87e 7307.5a 
Maximum tillering No application, diseased control 6.12a 6010.5c 
Maximum tillering Moncut at a rate of 1.13 kg / ha applied at boot stage 4.12b 6797.2ab 
Maximum tillering Quardris at a rate of 1.13 kg / ha applied at boot stage 2.56c 6904.1ab 
Maximum tillering 7 days after inoculation, 150 ppm Liberty was applied 3.69b 7295.0a 
Maximum tillering 7 days after inoculation, 450 ppm Liberty was applied 1.56de 7069.9ab 
Maximum tillering 7 days after inoculation, 750 ppm Liberty was applied 1.44de 6818.8ab 
Maximum tillering 7 days after inoculation, 1500 ppm Liberty was applied 1.63de 6735.2b 
Maximum tillering 150 ppm Liberty herbicide was applied at boot stage 2.12cd 6878.8ab 
Maximum tillering 450 ppm Liberty herbicide was applied at boot stage 2.12cd 6375.9bc 
Maximum tillering 750 ppm Liberty herbicide was applied at boot stage 1.44de 6220.1bc 
Maximum tillering 1500 ppm Liberty herbicide was applied at boot stage 1.25e 6908.6ab 
* Means followed by the same letter were not significantly different at P = 0.05. 
** 150 ppm refers to 0.171 a. i. kg / ha Liberty herbicide; 450 ppm refers to 0.513 a. i. kg / ha Liberty 
herbicide; 750 ppm refers to 0.813 a. i. kg / ha Liberty herbicide; 1500 ppm refers to 1.71 a. i. kg / ha 
Liberty herbicide. 
  
6.3.3.3 Effects of Liberty Applied at Different Times on Plots Inoculated with R. Solani for Rice 
Sheath Blight Control.  Correct timing of fungicide applications, with the correct rate, is very 
important for rice sheath blight control (Groth et al., 1993).  Application of Liberty after sheath blight 
started to develop was the most effective way to reduce disease severity.  Field experiments to study 
timing of Liberty applications were conducted at the Rice Research Station in Crowley, LA in 2002.  
Both growth stage at application and single versus double applications were studied.  
 Two sequential Liberty applications generally gave lower disease ratings than single Liberty 
applications (Table 6.23).  The disease rating when 150 ppm Liberty was applied once at the green 
ring stage was 4.25, which was significantly higher than the 1.17 disease rating obtained when Liberty 
was applied at 150 ppm at both the green ring and the boot stages of growth.  The disease rating of 
0.63 obtained when Liberty was applied at the green ring and heading stages was also significantly 
less (Table 6.23).  The disease rating when Liberty was applied at 450 ppm was 3.12, which was 
significantly higher than the disease rating when Liberty was applied at the green ring and boot stages 
(1.50) or at the green ring and heading stages (0.63).  There were no significant differences in disease 
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ratings at the higher rates of Liberty whether there were single or sequential Liberty applications, 
although the disease ratings when Liberty was applied twice were lower than the disease ratings when 
Liberty was only applied once (Table 6.23). 
 The yields obtained from two Liberty applications at early growth stages were not 
significantly different when compared with the yields from single applications at the same rate (Table 
6.23).  However, when Liberty was applied sequentially at boot and heading, yields were reduced 
(Table 6.23).  Liberty damage was observed on these plants, and evidently, phytotoxicity caused some 
yield loss.   
 The treatments with the 10 highest yields, plus the controls, are listed in Table 6.24.  The 
treatments listed yielded significantly higher than the diseased control plots did, but not significantly 
higher than the Moncut and Quadris treatments did.  All of the listed treatments yielded lower than the 
health control plots, although the differences were not significant (Table 6.24).  Clearly, it is not 
necessary to apply two Liberty applications for effective sheath blight control. 
6.3.3.4 Effect of Liberty Herbicide as a Fungicide for the Control of Sheath Blight on Transgenic 
Rice.  In 3-years of field tests at the RRS, Liberty gave excellent control of sheath blight on transgenic 
Cypress rice transformed for resistance to Liberty herbicide.  The disease was controlled by single or 
sequential applications of Liberty at rates from 150-1500ppm.  Treatment response was relatively 
uniform across the 3 years (Tables 6.20, 6.21, 6.22, 6.23, 6.24).  The performance of Liberty as a 
fungicide was consistently better than the registered fungicide Moncut and as good or better than the 
registered fungicide Quadris, depending on the timing and rate of Liberty used.  Grain samples were 
milled from all of the test plots.  There were no significant differences in head and total milled rice 
among all of the tests and treatments (Tables 6.25, 6.26, and 6.27), including the healthy and disease 
controls and the two fungicides used in the tests.  Liberty will normally be used for weed control in 
transgenic rice early in the growing season with unknown effects on the natural population of R. solani 
in rice fields. However later applications of Liberty to control weeds missed in early season control 
efforts or weeds that developed late may be coordinated to give maximum control of sheath blight. 
 
Table 6.23.  Effect of single and sequential Liberty herbicide applications at different rice growth 
stages on disease development and yield in a test conducted at the Rice Research Station in 
Crowley, LA, in 2002.* 


















(0 – 9) 
Mean yield 
(kg / ha) 
150     4.25 6997.1 150 1.17 6906.6 
450     3.12 6984.5 450 1.50 6880.9 
750     1.12 7004.3 750 0.75 7009.2 
1000     2.00 7053.8 1000 1.00 7055.1 
Green ring 
stage 
1500     1.25 7001.8 
Boot stage 
1500 0.25 6910.2 
150     4.25 6997.1 150 0.63 6804.0 
450     3.12 6984.5 450 0.63 7026.8 
750     1.12 7004.3 750 0.75 6440.1 
1000     2.00 7053.8 1000 0.63 6481.9 
Green ring 
stage 
1500     1.25 7001.8 
Heading 
stage 
1500 0.38 6641.4 
150     1.12 6727.6 150 0.63 6688.2 
450     1.12 6924.7 450 0.38 6550.7 
750     0.60 6668.8 750 0.13 6285.9 
1000     0.63 6796.5 1000 0.38 6423.2 
Boot stage 
1500     0.75 6362.8 
Heading 
stage 
1500 0.38 5889.9 
* Data from a single year preliminary experiment. 
 
 
Table 6.24.  Effect of Liberty herbicide applications, applied at different rice growth stages after 
inoculation with R. solani, on disease development and yield of transgenic rice in a test at the Rice 
Research Station in Crowley, LA, in 2002.* 
Time of inoculation 
with R. solani 
Liberty application rates and timings 
 
Mean disease 
rating (0 – 9) 
Mean yield 
(kg / ha) 
No inoculation No application 1.00de 7432.8a 
Maximum tillering No application 5.75a 6222.5c 
Maximum tillering Moncut, 1.13 kg / ha applied at boot stage 1.13de 6736.8b 
Maximum tillering Quadris, 0.84 kg /ha applied at boot stage 0.50e 6865.4b 
Maximum tillering 2 sprays, 1000 ppm, applied at green ring and 
boot stages 
1.00de 7055.1ab 
Maximum tillering 1 spray, 1000 ppm, applied at green ring 2.00c 7053.8ab 
Maximum tillering 2 sprays, 450 ppm, applied at green ring and 
boot stages 
0.75de 7026.8ab 
Maximum tillering 2 sprays, 750 ppm, applied at green ring and 
boot stages 
0.75de 7009.2ab 
Maximum tillering 1 spray, 750 ppm, applied at green ring 1.12de 7004.3ab 
Maximum tillering 1 spray, 1500 ppm, applied at green ring 1.25de 7001.8ab 
Maximum tillering 1 sprays, 150 ppm, applied at green ring 4.25b 6997.1ab 
Maximum tillering 1 spray, 450 ppm, applied at green ring 3.12c 6984.5ab 
Maximum tillering 1 spray, 450 ppm, applied at boot stage 1.12de 6924.7ab 
Maximum tillering 2 sprays, 1500 ppm, applied at the green ring 
and boot stages 
0.25de 6910.2ab 




Table 6.25.  Effect of Liberty application on the milling of rice grain samples from treated plots in 
2000 and 2001 field tests.* 






Non-inoculated plots (healthy control) 79.74a 65.00a 60.00a 
Only inoculation with Rhizoctonia solania (disease control) 79.34a 65.80a 61.20a 
150 ppm Liberty treatment at green ring stage, no inoculation 79.58a 65.00a 60.60a 
450 ppm Liberty treatment at green ring stage, no inoculation 79.54a 64.40a 59.40a 
750 ppm Liberty treatment at green ring stage, no inoculation 79.64a 66.80a 62.60a 
1,500 ppm Liberty treatment at green ring stage, no inoculation 79.10a 65.40a 59.80a 
plots inoculated at green ring stage, Moncut applied at boot stage 79.54a 66.40a 61.20a 
plots inoculated at green ring stage, Quadris applied at boot stage 79.02a 65.40a 59.80a 






Table 6.26.  Effect of Liberty application on the milling of rice grain samples from treated plots 











No inoculation No application 79.74a 65.00a 60.00a 
Maximum tillering No application 79.34a 65.80a 61.20a 
Maximum tillering Moncut at 1.13 kg / ha was applied at boot stage 79.58a 66.40a 61.20a 
Maximum tillering Quardris at 0.84 kg / ha, applied at boot stage 79.54a 65.40a 59.80a 
Maximum tillering Liberty at 150 ppm, applied 7 d after inoculation 79.10a 66.20a 60.60a 
Maximum tillering Liberty at 450 ppm, applied 7 d after inoculation 79.40a 65.20a 60.60a 
Maximum tillering Liberty at 750 ppm, applied 7 d after inoculation 78.84a 65.40a 60.60a 
Maximum tillering Liberty at 1500 ppm, applied 7 d after inoculation 78.82a 65.60a 60.40a 
Maximum tillering Liberty at 150 ppm, applied at boot stage 79.50a 66.00a 61.20a 
Maximum tillering Liberty at 450 ppm, applied at boot stage 79.20a 66.20a 61.40a 
Maximum tillering Liberty at 750 ppm, applied at boot stage 78.50a 65.40a 60.20a 
Maximum tillering Liberty at 1500 ppm, applied at boot stage 78.10a 66.20a 61.60a 
Maximum tillering Liberty at 150 ppm, applied at heading stage 79.60a 65.80a 60.00a 
Maximum tillering Liberty at 450 ppm, applied at heading stage 78.38a 65.80a 61.00a 
Maximum tillering Liberty at 750 ppm, applied at heading stage 79.44a 65.00a 60.60a 
Maximum tillering Liberty at 1500 ppm, applied at heading stage 78.88a 66.00a 60.20a 
x Means followed by the same letter were not significantly different at P = 0.05. 
w 7 d refers to 7 days. 
z 150 ppm refers to 0.171 kg a.i. of Liberty herbicide per hectare; 450 ppm refers to 0.513 kg a.i. of 
Liberty herbicide per hectare; 750 ppm refers to 0.855 kg a.i. of Liberty herbicide per hectare; and 
1500 ppm refers to 1.71 kg a.i. of Liberty herbicide per hectare. 
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Table 6.27.  Effect of Liberty application at different rates on the milling of rice grain samples 
from treated plots when Liberty herbicide was applied on the plots 7 days after inoculation with 
Rhizoctonia solani in 2000 and 2001x. 
Inoculation with R. 
solaniw 
 






No inoculation Non-inoculated plots 79.74a 65.00a 60.00a 
Maximum tillering No Liberty herbicide application 79.34a 65.80a 61.20a 
Maximum tillering Moncut at 1.13 kg / ha, applied at boot stage 79.58a 66.40a 61.20a 
Maximum tillering Quardris at 0.84 kg / ha, applied at boot stage 79.54a 65.40a 59.80a 
7 d after Libertyw 
 
Liberty at 150 ppm, applied t at maximum 
tillering 
79.16a 66.00a 60.8a 
7 d after Liberty Liberty at 450 ppm, applied t at maximum 
tillering 
79.86a 65.40a 59.60a 
7 d after Liberty Liberty at 750 ppm, applied t at maximum 
tillering 
79.30a 66.60a 61.60a 
7 d after Liberty Liberty at 1500 ppm, applied t at maximum 
tillering 
79.74a 66.60a 61.00a 
7 d after Liberty Liberty at 150 ppm, applied at boot stage  79.42a 66.40a 61.80a 
7 d after Liberty Liberty at 450 ppm, applied at boot stage 79.16a 65.80a 61.20a 
7 d after Liberty Liberty at 750 ppm applied at boot stage 79.56a 65.80a 60.20a 
7 d after Liberty Liberty at 1500 ppm, applied at boot stage 79.74a 66.40a 60.80a 
7 d after Liberty Liberty at 150 ppm, applied at heading stage 79.02a 65.80a 61.80a 
7 d after Liberty Liberty at 450 ppm, applied at heading stage 79.80a 65.80a 60.60a 
7 d after Liberty Liberty at 150 ppm, applied at heading stage 78.30a 66.00a 61.40a 
7 d after Liberty Liberty at 150 ppm, applied at heading stage 78.52a 65.80a 60.40a 
x Means followed by the same letter were not significantly different at P = 0.05. 
w 7 d after Liberty refers to 7 days after Liberty application. 
z 150 ppm refers to 0.171 kg / ha; 450 ppm refers to 0.513 kg / ha; 750 ppm refers to 0.813 kg / ha; 
1500 ppm refers to 1.71 kg / ha. 
 
6.3.4 Effect of Liberty Applications on Hyphal Growth of R. Solani in Vitro and on Transgenic 
Rice in the Field as Determined by Electronic Microscopy 
 
 Liberty herbicide restricted hyphal growth of R. solani in vitro and was active as a fungicide 
for controlling rice sheath blight in the field.  The effects of Liberty on hyphal growth of R. solani in 
vitro and in vivo were investigated using electron microscopy.  The ultra structures of Liberty sprayed 
and non-sprayed diseased leaves also were investigated under the electronic microscope. 
6.3.4.1 Effect of Liberty Application on Hyphal Growth of R. Solani in Vitro.  Liberty restricted 
the hyphal growth of R. solani on PDA.  The hyphae of R. solani grew very rapidly on PDA medium 
without Liberty.  There were many short branches and a lot of growing points (two upper pictures on 
Figure 6.3).  However, the hyphae of R. solani on PDA with Liberty incorporated at a rate of 50 ppm 
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a.i. grew very slowly, the branches were very short, and the length of hyphal branches was greatly 
reduced (two lower pictures on Figure 6.3). 
 In the field test, there was no fungus growing on the surface of healthy, non-inoculated leaves 
(upper left on Figure 6.4).  However, there were many hyphae growing on the surface of inoculated, 
diseased leaves.  The hyphae on the surface of diseased leaves spread across the surface and showed 
right angle between branches (upper right on Figure 6.4).  After Liberty application, hyphal growth 
was significantly reduced.  Irregular hyphae of R. solani were observed on the leaf surface, and there 
was much less hyphae on the surface of treated leaves than on diseased untreated leaves.  These 
irregular fungal structures were observed when the living hyphae were affected by Liberty sprayed 
onto the leaf surface (lower left and right on Figure 6.4).  
 
 
Figure 6.3.  Effect of Liberty herbicide on the hyphal growth of Rhizoctonia solani on PDA 
medium.  Left top, R. solani hyphae 3 days after transfer to PDA (201 x magnification).  Right 
top, R. solani hyphae 3 days after transfer to PDA (1005 x magnification).  Left bottom, R. solani 
hyphae 6 days after transfer to PDA with 50 ppm a.i. Liberty (201 x magnification).  Right 




   
 
 
Figure6.4.  Hyphal growth on the rice leaf surface.  Left top, no Rhizoctonia solani hyphae 
growing on the surface of non-inoculated, healthy leaf (407 x magnification).  Right top, many R. 
solani hyphae growing on the surface of diseased leaf (253 x magnification).  Left bottom, hyphal 
growth decreased significantly when 1000 ppm Liberty was applied to the surface of diseased 
leaves 7 days after inoculation (405 x magnification).  Right bottom, hyphal growth decreased 
significantly and hyphae appeared damaged when 1000 ppm Liberty was applied on the surface of 






Figure 6.5.  Hyphal growth inside rice leaf tissues.  Left top, no hyphal grow inside non-
inoculated, healthy leaf tissue (382 x magnification).  Right top, hyphal grow in cells of 
inoculated, diseased leaf tissues (440 x magnification).  Lower left and right, few hyphae visible 
inside the leaf tissue when Liberty was sprayed onto the leaves at 1000 ppm 7 days after 






Figure 6.6.  Structure of mesophyll inside the rice leaf.  Left top, the structure of the mesophyll 
was intact (1010 x magnification).  Right top, the structure of the mesophyll in diseased leaf was 
disturbed with breakdown in structure (1030 x magnification).  Left bottom, structure of the 
mesophyll in diseased leaf was less damaged when 1000 ppm Liberty was applied to the surface 
of the diseased leaves 7 days after inoculation with R. solani (1005 x magnification).  Right 
bottom, the structure of the mesophyll from a diseased leaf also showed less damage when 1000 


















No hyphae were visible inside cells of non-inoculated, health leaves (upper left Figure 6.5).  
Many R. solani hyphae penetrated the leaf and grew inside of leaf tissues in inoculated, diseased 
leaves (upper right Figure 6.5).  However, after Liberty was applied to the plants, hyphae inside the 
leaf tissue of the treated leaves was greatly reduced (lower two pictures in Figure 6.5).   
 Mesophyll cells are important for photosynthesis in rice plants.  In the healthy leaves, the 
mesophyll showed very regular structure (upper left Figure 6.6).  When the leaves were infected by R. 
solani, the mesophyll was damaged by the pathogen and showed irregular structure (upper right Figure 
6.6).  This would seriously reduce the ability of the plant to produce nutrients by photosynthesis.  
After Liberty was applied to diseased leaves, the mesophyll damage was reduced and less irregularity 
in mesophyll structure was observed (left and right bottom Figure 6.6). 
 Datta (1981) determined that bialaphos was toxic to fungal pathogens such as Rhizoctonia 
solani, the etiological agent of sheath blight, one of the most severe fungal diseases of rice.  Later, 
bialapos was applied to bialaphos-resistant transgenic rice plants as a means of protecting against 
fungal diseases (Uchimiya et al., 1993; Tada et al., 1996).  Uchimiya et al (1993) found that the 
penetration by R. solani was prevented when bialapos was applied 3 hours before inoculation and 2 
days after inoculation. Treatment with the herbicide was effective in potted plant experiments in 
suppressing disease symptoms, although after 3 days, protection was rarely observed.  The measured 
soil half-life for this herbicide ranged from 6 to 23 days.  However, the rainfastness on leaves is only 
about 4 hours (AgrEvo, 1998).  This correlated very well with our field observations that inoculating 
with R. solani seven days after spraying with Liberty provided little protection against sheath blight. 
 In our electron microscopic examination of the surface of rice leaves, it was observed that 
ball-like structures were present on the surface of leaves sprayed with Liberty (Figures 6.7, 6.8, 6.9, 
and 6.10).  A few balls were found on the surfaces of healthy leaves, as well as diseased leaves (upper 
two pictures in Figure 6.7).  More balls were found on the surface of the leaves inoculated with R. 
solani and treated with Liberty (lower two pictures in Figure 6.7).  The balls also were found on the 
surface of leaves 30 minutes after treatment with Liberty and after treatment with the Liberty 
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formulation surfactant (lower two pictures in Figure 6.8).  A specific circle structure was observed on 
the balls (upper two pictures in Figure 6.9).  It was observed that some balls appeared to connect with 
hyphae (bottom two pictures in Figure 6.9).  When a broken ball was observed, there appeared to be 
structure inside the ball (upper left Figure 6.10).  Sometimes, there were bacteria on the ball surfaces 
(upper right Figure 6.10).  A belt-like structure or seam was observed on the surface of some of the 
ball-like structures (lower left Figure 6.10).  The function of these balls and their involvement with 
Liberty application to rice needs to be studied further. 
 
 
Figure 6.7.  Ball-like structures observed on rice leaf surfaces sprayed with Liberty herbicide.  
Upper left, balls on the surface of the healthy leaf (3890 x magnification).  Upper right, ball on the 
surface of diseased leaf previously inoculated with Rhizoctonia solani (2080 x magnification).  
Lower left, balls on the surface of the leaf after inoculation with R. solani and treated with Liberty 
herbicide at 1500 ppm applied at boot stage (2070 x magnification).  Lower right, balls on the 
surface of the leaf after inoculation with R. solani and treatment with 1500 ppm Liberty herbicide 






Figure 6.8.  Ball-like structures on the surface of rice leaves.  Upper left, ball on the surface of 
healthy leaf (3890 x magnification).  Upper right, balls on the surface of leaf without inoculation 
with Rhizoctonia solani and 30 days after Liberty application at 1500ppm (3380 x magnification).  
Lower left, balls that were observed on the leaf surface 30 minutes after spraying with Liberty 
surfactant at 1500 ppm (1270 x magnifications).  Lower right, balls that were observed on the leaf 












Figure 6.9.  Specific surface structures on the balls observed on rice leaves.  The ball on the upper 
left was on the leaf surface of diseased plants (4080 x magnifications).  The specific structure on 
the upper right was magnified from the left ball (arrows- 32400 x magnification).  The balls on the 
lower left were on the leaf surface of plants treated with 1500 ppm Liberty herbicide applied at the 
boot stage (3070 x magnification). The specific structure on the lower right was magnified from 










Figure 6.10.  Ball-like structures observed on the surface of rice leaves.  The broken ball on the 
upper left was observed on the leaf surface of a plant treated with 1500 ppm Liberty herbicide 
applied at the boot stage (4970 x magnification).  The ball with bacteria was found on the surface 
of a leaf treated with Liberty herbicide at a 1500 ppm at the green ring stage (2640 x 
magnification).  The ball on the lower left was from the same treatment as the upper right picture 
(4030 x magnification).  The ball on the lower right was observed on the leaf surface of a healthy 


























 Plasmid pBSL21 contains the bar, hpt, and ampicillin genes.  Plants transformed with the bar 
gene encode for phosphinothricin acetyl transferrase which inactivates glufosinate-ammonium.  This is 
the active ingredient of Liberty herbicide.  The hpt gene was used as the selective marker gene during 
tissue culture, as it was necessary to use hygromycin B in culture media to select resistant calli (Oriz et 
al., 1996).  However, it is not desirable to have the selective marker gene in plants when they reach 
commercial status.  A non-lethal method was developed to identify transgenic plants that have lost 
their resistance to hygromycin B.  Four non-transgenic cultivars and four transgenic plants were used 
as the test materials.  Six hygromycin concentrations and three exposure methods were used to test the 
sensitivities of these plant materials to hygromycin B in greenhouse and field tests.  In the method 
developed, the tips of leaves were dipped into 200 ppm hygromycin B solution, then the leaf-tip was 
cut 10-20 mm from the tip with scissors while immersed, and the remaining portion of the leaf blade 
was held in the solution for five seconds.  This procedure also was non-lethal to expressing plants, and 
the transformed plants could be recovered and utilized after the test. 
 Once foreign genes are transferred into plant cells, incorporated into the host chromosome, 
and expressed in the host plant, the mode–of–inheritance for the inserted genes must be determined.  
Four homozygous transgenic plants T-64, T-26-D, N-84-1, and N-84-3, which were transformed 
through the Gene Deliver System® using Taipei 309 and Nipponbare as explants at the Rice Pathology 
Laboratory in Louisiana State University, were selected and reciprocal crosses were made with their 
non-transformed parent cultivars Taipei 309 and Nipponbare.  The results indicated that plants of these 
four transformed plants were resistance to Liberty herbicide and the resistance was controlled by a 
single dominant gene.  The four transformed plants also were resistant to hygromycin B, and the 
resistant to hygromycin B was controlled by a single dominant gene.  The bar gene and hpt genes 
were closely linked.  Non-resistant phenotypes (less than 2%) were found in the F2 populations from 
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the crosses.  These new phenotypes were confirmed to be caused by gene silencing through PCR and 
Southern blot analysis.  The bar gene in the T-64 plant was allelic with the bar gene in T-26-D.  The 
bar gene in the T-64 plant was non-allelic with the bar genes in N-84-1 and N-84-3.  The bar gene in 
the N-84-1 plant was allelic with the bar gene in the N-84-3 plant. 
 Seven homozygous transgenic plants were developed with the bar and hygromycin genes 
from Taipei 309 and Nipponbare.  They were developed from different transformation events.  These 
transgenic plants were crossed reciprocally.  The segregation of F1, F2, and F3 populations from a total 
of 21 crosses was studied in both greenhouse and field tests to determine if the transferred genes were 
allelic or non-allelic with one another.  The results indicated that five locations were involved among 
the seven transgenic plants.  Based on this research, an additional twenty homozygous transgenic 
Taipei 309 plants, which had the bar gene, inseted in different transformation events.  These plants 
were crossed reciprocally with the previous seven transgenic plants.  The progeny from 115 crosses 
made during 1999 and 2000 were analyzed for allelism.  The segregation of F1, F2, and F3 populations 
for each cross was studied in both the greenhouse and the field tests to determine if the genes were 
allelic or non-allelic with the previous transgenic plants.  The results suggested that in some 
combinations, the genes were allelic, but most of them were non-allelic with two, three, or more pairs 
of genes being expressed.  It also indicated that a maximum of 20 locations among the 27 transgenic 
plants were involved, and some plants had several expressed genes inserted.  Genes in eleven out of 27 
transformed plants were allelic.  The results strongly indicated that the functional foreign gene (bar) 
was restrictively inserted into the rice genome in some cases instead of being randomly inserted and 
expressed.  
 It can be difficult to directly transfer a foreign gene into some current commercial cultivars.  
Also, problems like clonal variation or insertion position effects interfere with recovering the parent 
commercial cultivar type without undesirable changes.  It has been demonstrated many times that 
repeated backcrossing is an effective method to insert single target genes into a commercial cultivar.  
Three transformed rice plants, which were developed in the Rice Pathology Laboratory at Louisiana 
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State University, were used as the donor parents.  Five current commercial cultivars, including 
Cocodrie, Lemont, Katy, Cypress, and Lafitte, were used as the recurrent parents.  Three to five 
repeated backcrosses have been made since 1996.  The results from progeny row selection and testing 
and from two-years of yield tests with selected lines indicated that the selected lines not only 
contained the target bar gene, but also were very similar to their recurrent parents in agronomic and 
yield characteristics.  The genetic background of the commercial parents greatly affected efficiency of 
the repeated backcross program.  The recurrent parents Cypress and Lafitte were excellent and it was 
easier to select similar lines from backcrosses using them as recurrent parents.  Lemont and Katy had 
much more variation among backcross progeny.  Several elite lines were developed and recommended 
for further field tests.  These included lines 230251, 230221, and 230281 using Cypress as the 
recurrent parent, and lines 230643, 230629, and 231809 using Lafitte as the recurrent parent. 
 The active ingredient of Liberty herbicide is butanoic acid, 2-amino-4-
(hydroxymethylphosphinyl)-monoammonium salt (common name = glufosinate-ammonium or 
phosphinothricin), a toxin produced by Streptomyces viridochromogenes and S. hygroscopicus.  This 
compound showed antibiotic activity and suppressed hyphal growth of the major rice fungal pathogens 
and growth the bacterial pathogen Burkholderia glumae in in vitro tests.  The results from three years 
of field tests indicated that Liberty could be used as a fungicide to control the rice sheath blight disease 
on transgenic rice.  The results showed that the application of Liberty herbicide before inoculation of 
R. solani in the field could significantly reduce yield loss under certain application conditions.  
However, it did not significantly reduce disease ratings.  The application of Liberty after the 
inoculation with R. solani in the field significantly reduced both yield loss and disease ratings.  
Optimum application rates for Liberty on transgenic rice ranged from 450 ppm (0.513 kg a. i. / ha) to 
1500 ppm (1.71 kg a. i. / ha).  Timing of applications in the field was most effective as single 




7.2 Future Research 
 The major goal of plant transformation technology over the last two decades has been to 
introduce and stably express transgenes in plants.  The challenge for the future is to refine these 
techniques and introduce single transgene copies at defined sites without extraneous DNA sequences, 
such as parts of the vector backbone or marker genes (Twyman et al., 2002).  
 A major disadvantage of all direct DNA transformation methods is the tendency for 
exogenous DNA to undergo rearrangement and recombination events.  This leads to integration of 
multiple fragmented, chimeric, and rearranged transgene copies in the transgenic plants.  The 
rearrangements may be caused, in part, by recombinogenic elements in the vector backbone of the 
transformation plasmid (Kohli et al., 1999).  The technology of clean DNA transformation can 
effectively overcome the disadvantage of direct DNA transformation (Fu et al., 2000). 
 Secondly, the foreign gene was believed to be randomly inserted on the chromosome in 
transgenic plants.  However, inserted genes can be restrictively expressed in transgenic plants based on 
our research.  Some transgenes were allelic while others were inserted on different chromosomes.  If 
the mechanism controlling this phenomenon can be identified, researchers may be able to direct where 
transgenes will insert, thus causing minimum damage.  This may also improve gene co-transformation 
so that several valuable target genes can be transfered together into different plasmid DNAs and be 
linked through insertion at the same site in a chromosome.  Once linked genes are established in the 
transgenic plant, then a specific foreign gene could be used as the selective marker gene in the 
breeding program.  An example would be to have the bar gene among the genes that were co-
transferred.  Breeders could then cross the transgenic plant with a cultivar to be improved.  The F2 
population could then be sprayed with Liberty herbicide.  All surviving plants would have the 
transgenes.  This would greatly enhance the efficiency of breeding programs. 
 Next, it was found that leaf damage occurred after Liberty herbicide applications on transgenic 
rice plants in our research and other researches (Webster et al., 1998).  The results from our 
preliminary tests in the greenhouse and field showed that leaf discoloration on resistant plants after 
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Liberty application could be caused by the surfactant in the Liberty herbicide formulation.  The active 
ingredient itself did not cause leaf discoloration on resistant plants.  However, it is not quite clear 
which chemicals in the Liberty formulation caused leaf discoloration.  Therefore, if Liberty is to be 
widely used on transgenic plants in rice production, it may be necessary to improve or reformulate the 
pesticide.  Otherwise, according to our research if high Liberty concentrations are applied to rice 
plants, the yield can be significantly reduced. 
 It was demonstrated in our research that Liberty could be used to control rice sheath blight on 
transgenic plants in the field.  Liberty significantly reduced hyphal growth on the surface of rice plants 
and inside plant tissues.  The reduction of hyphal growth in plants may indicate systemic activity of 
the compound against fungi in tissues.  This requires further study.  Also, it is necessary to understand 
the mechanism for disease control.  The mode-of-action for Liberty herbicide on weeds is known, but 
is it the same mode-of-action against plant pathogens?  Also, based on our research it may be possible 
to use Liberty to control other major rice diseases.  The results indicated that the active ingredient of 
Liberty herbicide not only restricted the hyphal growth of R. solani, but also restricted the hyphal 
growth of several other pathogenic fungi, such as Pyricularia oryzae, Bipolaris oryzae, Sarocladium 
oryzae, and Cercospera janseana.  It is necessary to continue to study the possibility of using Liberty 
to control other major rice diseases caused by these pathogens.  If Liberty herbicide can be used as a 
fungicide to control rice diseases, it may be possible to co-ordinate applications of the pesticide for 
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